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Zusammenfassung

Die Anwendung technologischer Konzepte zur direkten Abtrennung des Treibhausgases
Kohlenstoffdioxid (CO2) aus atmosphärischer Luft (Direct Air Capture, DAC ) wird als
einer der vielversprechendsten Ansätze zur Abschwächung des anthropogenen Treibhaus-
effekts betrachtet. Deren großtechnischer Einsatz wird jedoch durch verschiedene intrinsi-
sche Limitierungen erschwert, welche sich insbesondere aus dem stark verdünnten Zustand
von CO2 in der Atmosphäre ergeben und in einen unzulässig hohen CO2-spezifischen Ener-
giebedarf des Abtrennungsprozesses resultieren können.

Durch Detailmodellierung und Simulationsstudien wird gezeigt, dass die in dieser Ar-
beit entwickelten Wärmeintegrationsstrategien und deren technische Realisierungen inner-
halb neuartiger Band - (MBtA) und Wanderbettadsorberkonzepte (MBdA) eine signifikante
Reduktion des CO2-spezifischen Wärmebedarfs von thermischen Sorbentregenerations-
konzepten ermöglichen. Die Problematik von Wasserkoadsorption auf DAC -Sorbentien,
welche im Rahmen ausführlicher experimenteller Studien innerhalb dieser Arbeit bestätigt
wird, kann jedoch zu einem zusätzlichen, signifikanten CO2-spezifischen Wärmebedarf in-
nerhalb des Regenerationszyklus des Sorbents führen. Insbesondere eine Rückgewinnung
der im desorbierten Wasserdampf gespeicherten Latentwärme durch mechanische Brüden-
kompression (MVR) wird innerhalb dieser Arbeit als ein vielversprechender ingenieurtech-
nischer Ansatz zur Reduzierung der H2O-Koadsorption bedingten Energiestrafe identifi-
ziert.

Die entwickelten Konzepte werden innerhalb eines Power-to-Gas (PtG) Prozesses als
wärmeeffiziente CO2-Quelle integriert. In diesem Zusammenhang zeigen durchgeführte
Detailsimulationen und Pinchanalysen, dass durch eine gezielte Ausnutzung der Synergien
innerhalb der Prozessstruktur ein hoch-ressourceneffizenter DAC -PtG Prozess realisiert
werden kann. Dieser ermöglicht eine autotherme Produktion von Methan ausschließlich
auf der Basis von erneuerbaren Energien und den Edukten Kohlenstoffdioxid und Wasser,
welche aus atmosphärischer Luft gewonnen werden.
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Abstract

The application of technological concepts for removal of the greenhouse gas carbon
dioxide (CO2) from the atmosphere (direct air capture, DAC ) is considered to be one
of the most promising approaches to mitigate the anthropogenic greenhouse effect. But
its large-scale application is hampered by several intrinsic limitations. These result in
particular from the highly diluted state of CO2 in the atmosphere and can lead to an
impedingly high CO2-specific energy demand of the capture process.

In-depth modeling and simulation show that the heat integration strategies developed
in this work and their technical realization within novel belt (MBtA) and moving bed ad-
sorber (MBdA) concepts allow for a significant reduction of the CO2-specific heat demand
of thermal sorbent regeneration concepts. However, the problem of water co-adsorption
on DAC sorbents, which is confirmed by experimental studies within the framework of
this contribution, can lead to an additional, significant CO2-specific heat demand within
the sorbent regeneration cycle. Recovery of the latent heat stored in the desorbed water
vapor by mechanical vapor compression (MVR) is identified as a promising engineering
approach to reduce the energy penalty attributed to H2O co-adsorption.

The concepts developed are integrated as heat-efficient CO2 sources within a power-to-
gas (PtG) process. Detailed modeling and pinch analysis reveal that a highly resource-
efficient DAC -PtG process can be realized by targeted utilization of the synergies within
the process structure. Autothermal production of methane solely based on renewable
energy supply and on the educts carbon dioxide and water, captured from ambient air,
seems feasible.
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1 Introduction



Abstract
Carbon dioxide (CO2) can be identified as one of the main greenhouse gases (GHGs)
that cause global warming. Several strategies for reduction of its emissions and con-
secutive storage (Carbon Capture and Storage, CCS ) or utilization (Carbon Capture
and Utilization, CCU ) have been developed in the last decades. However, the current
evolution of the carbon dioxide content in the atmosphere indicates that the chance of
meeting the targets formulated in the Parisian Agreement on Climate Change by solely
reducing CO2 emissions may already has been passed. In this respect, besides other
negative emission technologies (NET s), direct air capture (DAC ) processes that remove
CO2 from ambient air are identified as promising, additional measures in the attempt of
preventing the serious long-term consequences caused by global warming.

This chapter is structured as follows:

Section 1.1 Motivation
motivates the research objectives by giving a brief overview of the problem of global
warming and greenhouse gas emissions the world is currently facing. With special focus
on CO2, scientific contributions to limit global warming are outlined. An analysis of
possible CO2 mitigation pathways is carried out.

Section 1.2 Negative emission technologies
takes into account the results outlined in Section 1.1, which indicate that large-scale
application of NET s will be of high importance at the end of this century. Thus, various
approaches to NET s are compared. Results of this analysis underline high importance of
increased research in intensified energy integrated DAC technologies.

Section 1.3 Scope of the research conducted
summarizes the results presented in Sections 1.1 - 1.2. Based on the key findings extracted,
the research objectives of this contribution are formulated.



1.1 Motivation

1.1 Motivation

The first major conclusion formulated in the Intergovernmental Panel on Climate Change
(IPCC ) fifth assessment report2

”Human influence on the climate system is clear, and
recent anthropogenic emissions of greenhouse gases are the highest in history”2

indicates the current discrepancy between the awareness of the anthropogenic influence on
the climate system and the countermeasures taken. Hereafter, the scientific data available
with respect to global warming (Section 1.1.1) and the responses of the international com-
munity to this phenomenon (Section 1.1.2) are outlined. Motivated by this information,
possible research scenarios to be realized with respect to GHG mitigation (Section 1.1.3)
are investigated.

1.1.1 Global warming and greenhouse gases

The world’s global mean surface temperature (GMST ) increase over the last 50 years has
almost doubled compared to the previous century and the last decade was most likely
the warmest period of the last century.2 In good agreement with other publications3,4,
data provided by Morice et al.5 indicate a drastic increase in the mean temperature rise
per decade from 0.062 °C (1880-2012) to 0.155 °C (1979-2012). The tendencies presented
do not only show a significant acceleration of GMST increase, but also indicate that the
magnitude of the increase is alarming. A similar conclusion can be drawn from the evolu-
tion of the world’s sea surface temperature (SST ). Temperature increases of up to 0.124 °C
per decade have been observed with comparable accelerating tendencies being noticed.6–9

Strong correlations are recognizable between the evolution of key GHG concentrations
in the atmosphere and global temperature increase. The nitrous oxide (N2O) concen-
tration of 332 ppb10 only exceeded its pre-industrial level (270 ppb in 175011) by 23 % in
2019, whereas significant higher increases for carbon dioxide (49 %, 278 ppm in 1750,12

413 ppm in 202010) and methane (159 %, 722 ppb in 1750,13–15 1867 ppb in 201910) have
been noticed. Moreover, there is general agreement that human activity-based primary
emissions from fossil fuels16 and secondary emissions from land use are the main driving
forces of these drastic increases15.

In this respect, especially CO2 emissions have a considerable influence on the climate
system. Its Radiative Forcing (RF ), i.e., its influence on the net change in the earth’s
system energy balance over a defined period of time, of 1.7 W m−2 between 1750 and
2011 accounts for more than half of the anthropogenic GHG induced RF.15,17 In other
words, GHGs in the atmosphere decrease the net heat flow from earth to space. This is
well known as GHGs reflect a fraction of the earth’s long-wave (infrared) heat radiation
and, thus, decrease outgoing thermal radiation to space. As a consequence, the presence
of naturally present GHGs, e.g., water vapor, is of high importance. Without them
reflecting the thermal radiation of the earth, the global mean temperature would decrease
to −18 °C.18 However, bearing in mind that the overall radiative flux from the sun is in
the order of magnitude of 340 W m−2,19 the significant influence of GHG emissions on the
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earth’s energy system becomes apparent. Presence of anthropogenic GHGs unbalances the
earth’s energy system and in response to this perturbation the system follows a trajectory
to a new equilibrium state at an elevated temperature level.

1.1.2 International responses to global warming

Noticing the increasing amount of environmental problems, the world might be confronted
with in the 21st century, the first United Nations (UN ) meeting on behalf of a sustain-
able development of the world was already held in Rio de Janeiro, Brazil, in June 1992.
The major result of this United Nations Conference on Environment and Development
(UNCED)20 was the agreement on Agenda 21 21, which might be interpreted as a guideline
to achieve a more sustainable development of the world in the centuries to come.

To ensure the realization of the objectives stated in this agenda, the first United Nations
Climate Change Conference22 took place in Berlin, Germany, in 1995. The Berlin Man-
dat23 agreed on at this conference built the basis for negotiations on the reduction of GHG
emissions. These resulted in the Kyoto Protocol24 formulated at the third UN Climate
Change Conference25 two years later. With this agreement legally binding targets for in-
dustrialized countries with respect to emission ceilings had been defined for the first time.

However, since the 21st United Nations Climate Change Conference26 at the latest, it
has become apparent that the previous efforts of the international community might not
suffice to avoid serious long-term consequences of global warming. The urgent appeal to
realize all measures which help

”Holding the increase in the global average temperature to well below 2 °C
above pre-industrial levels and pursuing efforts to limit the temperature

increase to 1.5 °C above pre-industrial levels, recognizing that this
would significantly reduce the risks and impacts of climate change”

formulated in article 2 (a) of the Paris Agreement,27 shows the severity of the climate
problem the world is currently facing.

1.1.3 Scientific contributions to efforts against global warming

Already before the first UNCED meeting, it became apparent that a more profound,
scientific basis with respect to the complex phenomena of global warming was required.
Thus, even if explicitly designed without the authority to issue policy guidelines, founding
of the IPCC 28 in 1988 significantly increased the ability of the UN to realize political
decisions based on a profound scientific basis. Especially the scientific facts, presented
in the IPCC ’s fifth assessment report2, drew significant public and scientific attention.
The data summarized clearly indicate that the measures, agreed on by the international
community, to counteract the phenomena of global warming were significantly failing.
Continuing business as usual would lead to a world that by 2100 would already completely
differ from the present state. This interpretation was confirmed by the current IPCC ’s
special reports on ocean and cryosphere29, as well as on climate change and land30, which
indicate severe irreversible long-term consequences of the earth’s temperature increase.
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However, the evolution of the atmospheric CO2 content depicted in Figure 1.1(a) shows
a drastic increase in the past decade. Thus, at present state a CO2 content higher than
400 ppm is observed, which is more than 30 % above its value exhibited in 1850. Even
more alarming, by analyzing the slope of the graph, one notices that its second derivative
takes a positive value. This means that the CO2 content in the atmosphere does not only
rise, but that the rate at which the increase takes place increases. In the light of these
observations, it does not surprise that the overall anthropogenic CO2 emissions took the
highest value ever in 2019 (Figure 1.1(b)). This clearly contradicts the aims formulated
at the United Nations Climate Change Conferences (Section 1.1.2).
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Figure 1.1: Evolution of (a) atmospheric CO2 content yAmb,CO2
10,31 and (b) global anthropogenic

CO2 emissions ṁCO2,emi
32 in dependence of time t. Significant increase in CO2 mole fraction since

the industrial revolution in 1850 is visible. Moreover, anthropogenic CO2 emissions are still rising.

Being aware of the trends described, various scenarios of emission reduction have been
analyzed in IPCC ’s fifth assessment report. Severe reliance on bioenergy with carbon diox-
ide capture and storage (BECCS ) and on other negative emission technologies (NET s),
which aim for direct removal of carbon dioxide from ambient air, is underlined.2 To be
more specific, 104 out of the 116 scenarios with a high probability of staying below the
2 °C target take into account BECCS.33 Even more alarming, to meet the 1.5 °C target,
large-scale implementation of NET s seems unavoidable.34

A similar picture is drawn by the present IPCC special report35 that focuses on possible
mitigation strategies compatible with the 1.5 °C target. Four illustrative model pathways
that incorporate no or limited overshoot (scenarios 1 – 3), as well as higher overshoot
(scenario 4), of the atmospheric CO2 content have been extracted from 90 scenarios pro-
posed in the literature. As shown in Figure 1.2 all model pathways incorporate use of
NET s. However, scale and time of realization vary between the scenarios. Scenario one is
based on the assumptions of a significant reduction in the world energy demand and rapid
decarbonization of its energy supply, whereas pathway two accounts for slower and less
efficient technological innovations within a society focusing on sustainability. Scenarios
three and four take more pessimistic perspectives. Here, the evolution of the world society
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Figure 1.2: Illustrative mitigation pathways compatible with the 1.5 °C target, which incorporate
no or limited (a)-(c) and high (d) overshoot of atmospheric CO2 content. The carbon sources
and sinks: fossil fuel and industry (dark), afforestation/reforestation (AR) and land use (LU )
(intermediate), and bioenergy with carbon capture and storage (BECCS ) (bright) are shown. Net
CO2 emissions are indicated by a solid line (-). Figures are based on IPCC special report35.

and technological developments proceed analogously to historical patterns or a greenhouse
gas-intensive lifestyle that includes high energy and resource demands is assumed.

Comparing the different mitigation pathways visualized by Figure 1.2, four main con-
clusions can be drawn:

1. To reach the 1.5 °C target, even in the best case scenarios, net negative carbon emis-
sions, e.g., realized by afforestation/reforestation (AR), land use (LU ) or bioenergy
with carbon capture and storage (BECCS ), become unavoidable

2. The scale of NET s realization required will depend on the speed of emission re-
duction. A slower transition to a sustainable energy supply in the first half of the
century will result in the need of increased use of NET s at the end of this century

3. Only in the best case scenarios AR and LU suffice as measures to counteract global
CO2 emissions. In all others scenarios analyzed, implementation of large-scale CCS
including BECCS, which can be regarded as a reference for NET s other than AR
or LU , is taken into account

4. Compared to the current CO2 emissions in the order of magnitude of 40 Gt per year,
the accumulated amount of up to 1200 Gt capacity of NET s other than AR and LU
till the end of the century seems comparatively high

which stipulate a fast and large-scale development of NET s.
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1.2 Negative emission technologies

A significant reduction of global net CO2 emissions is required to reach the targets formu-
lated in the Parisian Agreement (Section 1.1.3). This can be realized by various measures
as indicated by Figure 1.3. However, significant changes in society lifestyle or far-reaching
technological innovations in the world energy supply and management36 might not be re-
alizable in a short period of time. Moreover, a major part of the consumer products used
in industrialized countries is carbon-based. Consequently, it remains questionable if a fast
decarbonization can be reached in this sector.

Moreover, common point source carbon capture and storage/utilization (CCSU ) only al-
lows for reducing emissions of concentrated sources, which account for less than half of the
global CO2 emissions.37,38 Mobile, small-scale sources, e.g., planes, are in general not af-
fected by this measure. But these significantly contribute to the overall anthropogenic CO2

emissions so that counteracting these sources is likewise important. In this respect, use of
NET s, which act as sinks in the global CO2 balance, is identified as a possible solution.39

Besides the balancing of CO2 sources hard to decarbonize, the characteristics of NET
use in principle allow to extend the global carbon budget. This varies with reference to
01.01.2018 between 420 Gt – 840 Gt to keep the global warming below 1.5 °C and between
1170 Gt – 2030 Gt to meet the 2 °C target.35 Thus, the possibility of implementing NET s
might be interpreted as an excuse to delay decarbonization of the global energy and
consumer goods sector. To be more specific, emissions in the early half of the century
might be compensated by use of NET s at the end of the century. However, as both
the scale and time frame of their implementation come with significant uncertainties
and, moreover, the ecologic consequences of overshoot scenarios are unpredictable,39 this
interpretation of NET s seems prohibitive. Rather, this technological approach should be
understood as an additional tool that is not to be used as a replacement for common
CCSU but to support the efforts of net CO2 emission reduction for scenarios in which
point source CCSU is hardly applicable.39

CO2 mitigation

Passive Active

Life
style

De-
carb.

Energy
efficiency

Emission
reduction

Negative emission
technologies

CCSU BECCS DAC AR LU/SCS OFBC EW

Figure 1.3: Placement of direct air capture amongst other CO2 mitigation strategies (gray line). As
possible active removal strategies of carbon dioxide carbon capture and storage/utilization (from
point sources) (CCSU ), bioenergy with carbon capture and storage (BECCS ), direct air capture
(DAC ), afforestation/reforestation (AR), land use (LU ), soil carbon sequestration (SCS ), biochar
(BC ), ocean fertilization (OF ) and enhanced weathering (EW ) are shown.
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Significant research in the area of NET s has been conducted in the past decade. Only
a brief overview is given in this contribution, whereas for a deeper insight the reader is
referred to more detailed reviews.39–43 All NET s presented have in common that they
are subject to significant drawbacks that at their current state impede their large-scale
application.43,44 Regarding BECCS , which focuses on energy generation from biomass
while capturing CO2, the scale of agricultural ground required may lead to competition
with the food industry.40 Moreover, high water demand can become a burden to global
fresh water supply.40 The same holds true for the approach of afforestation/reforestation
(AR) in which additionally the impact of forestry on the climate system is not completely
understood, such that accompanying biophysical effects might lead to an overall negative
effect with respect to global warming.40,45 However, as no technological innovation is
required, AR is already realized at large scale.46–49

The concepts of land use (LU ) and soil carbon sequestration (SCS ) can readily be
applied, as they mainly focus on a sustainable use of land available.35,40 However, only
a comparatively small contribution of these approaches is estimated39 and especially re-
garding their potential reversibility, e.g., by intensive framing, these approaches seem less
reliable.40 Nevertheless, these measures might suffice to slow down the fast increase in at-
mospheric CO2 content, e.g., by increase of the current soil carbon content that is 1500 Gt
up to 1 m depth and 2400 Gt up to 2 m depth,40 by 0.4 % per year, which is the aim of the 4
per mille initiative50 founded after the Parisian Conference on Climate Change26. In this
respect, present studies even indicate that higher sequestration potentials of up to 1 % per
year of the carbon sequestrated in soil might be realizable.51 With focus on an even higher
increase of capacity and resistance to decomposition, the pyrolysis of biomass to biochar
with high carbon content is taken into account in the biochar (BC ) concept. While allow-
ing for additional sequestration capacities in the order of 0.5 Gt52 to 0.7 Gt44 carbon per
year, adding biochar to the soil could additionally have a fertilizing effect40. However, the
question of its long-term stability and possible effects on the earth’s radiation balance,
e.g., by soil darkening, need to be investigated in more detail.40

Ocean fertilization (OF ) exploits the potential of biological growth based carbon sinks
in oceans. Bearing in mind that phytoplankton growth rate is often limited by nutrients,
adding nitrogen, phosphorus or iron can significantly enhance biomass formation.40,53,54

Especially use of micro-nutrients is favored to avoid fertilization with large quantities
of macro-nutrients, the amount of which required would be up to 20 % of the carbon
captured.40 However, lack of verification data with respect to the possible scale of this
mitigation strategy and concerns regarding ecological consequences, implementation time
or unintended effects on the global carbon balance impede its large-scale application.55,56

Aiming for a long-term sequestration, removal of CO2 from the atmosphere by means
of geophysical processes (enhanced weathering, EW ) is proposed.57 But as the kinetics
of the mineralization process under ambient conditions work at a geological time scale,
acceleration of these, e.g., by increasing the surface to volume ratio of the mineral by
grinding, is needed.57,58 Consequently, the excessive requirement for land and mineral
rocks to be used,59 as well as the energy demand of the transportation and grinding
process,60 are significant burdens of this technology.40,43
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Table 1.1: Comparison of different approaches to NET s with respect to their potential of being
used as large-scale measures at the end of this century. As cost estimations significantly vary within
the literature, mean values are shown. The reader is referred to more detailed reviews39–41,43 for
a deeper insight. Abbreviations used are Ap: Applied, Co: Commercial, De: Demonstration, Pos:
Possible, Re: Research, Unc: Uncertain, Vuln: Vulnerable.39–41,43,61

BECCS DAC AR LU /SCS BC OF EW

Technological maturity De De/Co Ap Ap De Re Re

CO2 capture potential /Gt a−1 12.1 >12.1 12.1 11 11 2.5 3.6

Energy demand /GJ t−1 -0.8 – -11 12.3 − − − − 12.5

Costs /$ t−1 36 490 24 50 105 460 300

Land requirement High Low High High High − High

Effect on ecosystems Yes No Yes No No Yes No

Revers climate effects Pos No Pos No Pos Pos No

Long-term CO2 storage Yes Yes Vuln Vuln Vuln Unc Yes

In contrast to the aforementioned approaches, the scope of direct air capture (DAC ) is
the implementation of a technological process that directly removes CO2 from ambient air
and provides a stream of this gas in concentrated state for sequestration or further use.
Compared to other NET s (Table 1.1), air capture is a very promising concept that allows
for high capture capacities, without being a burden to the earth’s fresh water supply or
being accompanied by significant requirements of arable land. Moreover, this approach
is based on technologically mature gas separation technologies ready to be applied on a
large scale. But current energy demands and capture costs prohibit an efficient large-scale
realization,41,43 even if there are attempts to decrease these drawbacks (Section 2.1).

Bearing in mind that DAC makes no statement about how the stream of concentrated
CO2 is processed, the implementation of storage or utilization capacities needs to go along
with the realization of large-scale DAC . Storing CO2 in suitable geological formations,
e.g., in saline aquifers (Sleipner project62), oil reservoirs (Weyburn-Midale project63) or
unminable coal seams (RECOPOL project64) might buy time if it is not released in the
future or even reacts with natural minerals to form carbonates.37,65 However, even if the
combination of DAC with carbon storage (CarbFix project66) might be a promising ap-
proach on a short time scale, the question of how long CO2 can be stored safely still needs
to be answered. Long-term monitoring is mandatory and the main problem of how to deal
with the large quantities of CO2 at hand might become a burden for future generations.67

Consequently, (bio-)chemical conversion of CO2 seems more favorable. One might than
speculate about using the concentrated stream of CO2 in direct or indirect mineralization
processes.68 However, both processes come along with considerable drawbacks, e.g., high
demand of energy or of additives, which impede their large-scale application,68 and neglect
the potential of CO2 to be considered as a resource69,70 rather than waste. Bearing in mind
that the current industrial structure is carbon-based, using the CO2 captured as feedstock
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opens up the possibility of producing basic chemicals71,72 or liquid fuels on a carbon neutral
basis.73–75 Moreover, taking into account the production of methane,69,76 based on CO2

from ambient air and on hydrogen (H2) from renewable energy sources, as natural gas
substitute (SNG), this approach would not only allow to use current technologies on a
carbon neutral basis in the transition period of the global energy system to a renewable
basis. Rather, it additionally enables realization of sustainable negative carbon emissions,
e.g., by means of methane pyrolysis77,78 to form solid carbon.

Summarizing, all NET s considered are subject to specific limitations that restrict their
large-scale application at present state. Since they allow for realization of a different ap-
proach compared to point source CCSU , they are neither to be set in competition with
CCSU , nor among each other. Rather, all approaches should be regarded as complemen-
tary tools, as following a single approach will most likely not allow for the amount of net
CO2 emission reduction required. Within this portfolio of possible technological concepts,
DAC is among the most promising options, being accompanied by a comparatively small
set of drawbacks.41 However, without a profound concept of processing the stream of con-
centrated CO2 produced, as well as significant reductions in the capture costs and energy
requirements, applying DAC at large-scale hardly seems ecologically beneficial in a long-
term perspective nor energetically and economically feasible. This motivates an integrated
analysis of DAC with a CO2 processing concept, e.g., for the production of SNG .

1.3 Scope of the research conducted

Sections 1.1 and 1.2 indicate that against the background of the anthropogenic CO2

emission-based phenomenon of global warming, reducing or limiting its progression is one
of the most severe problems the world is facing in the 21st century. To be more specific:

Section 1.1 Motivation
investigates the background of global warming. The importance of reducing the currently
still rising annual, global CO2 emissions to limit an increase of the ambient CO2 content is
underlined. Possible CO2 mitigation pathways summarized indicate a high likelihood that
the implementation of large-scale NET s becomes unavoidable at the end of this century.

Section 1.2 Negative emission technologies
is motivated by the findings presented in Section 1.1 and analyses various strategies for
the realization of NET s. Especially large-scale use of DAC is found to be promising.
However, the survey provided indicates that prohibitively high energy requirements im-
pede an efficient large-scale implementation of air capture technologies at current state.

These results motivate the content of this contribution summarized in Figure 1.4. It aims
to develop concepts that help to reduce the burdens associated with DAC . To this end,
novel intensified integrated DAC concepts are proposed and customized to the specific
constraints arising in CO2 capture from air (Chapter 2). The potential of realizing an
autothermal process design by integrating the approaches to DAC developed in a power-
to-gas (PtG) concept for production of methane via the highly exothermal Sabatier re-
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Parisian Agreement27

2 °C target mandatory, 1.5 °C target strongly favored

IPCC Special Report35
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Figure 1.4: Graphical abstract of the thesis content.

action becomes a central aspect of the research conducted. Against this background,
applicability of the commercially available sorbent Lewatit VP OC 1065 as DAC sorbent
is experimentally investigated with respect to the constraints identified (Chapter 3).

A more detailed analysis of technological strategies for realization of the heat inte-
gration approaches formulated is performed in Chapter 4. In particular, the potential
of temperature-composition-swing-adsorption (TCSA), as well as of hybrid temperature-
vacuum-composition-swing-adsorption (TVCSA) concepts, is analyzed under ideal condi-
tions, i.e., dry conditions. The simulation results obtained motivate the realization of a
more detailed experimental investigation of transport phenomena, the results of which
are summarized in this chapter.

The extension of the idealized analysis by taking into account water co-adsorption
phenomena is conducted in Chapter 5. Results obtained indicate that the impact of
co-adsorption can significantly be reduced by analyzing the problem via a process-based
approach. Besides different strategies to reduce the influence of water co-adsorption, e.g.,
sorbent modification or use of kinetic effects, especially implementations of mechanical
vapor recompression (MVR) concepts are analyzed in detail. Aspiring an even higher
degree of resource efficiency, a detailed investigation of an integrated DAC – PtG process
with special focus on synergies that arise from a coupling of the different subprocesses on
a mass and energy level is carried out in Chapter 6.

Concluding, Chapter 7 summarizes the results presented. Future research implications
resulting from the findings of this work, with respect to the overlaying scope, i.e., the
realization of a

resource efficient, autothermal production of CH4 based on CO2 captured from air
by means of an intensified integrated DAC – PtG process,

are formulated.
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Abstract
DAC technologies are regarded as one of the most promising approaches to NET s.
Analysis of the thermodynamic minimum energy demand for CO2 capture from air
indicates that it does not need to significantly exceed the one present in point source
capture. However, specific limitations of DAC applications can lead to significantly
larger differences in the energy requirements between these two approaches in a technical
setting. Especially the question of sorptive – sorbent contacting becomes crucial, as,
reasoned in the low CO2 content in the atmosphere, a change of the thermophysical
state of air seems to be attributed with impedingly high CO2-specific energy demands.
Moreover, an analysis of the thermal energy demand of DAC units, operated in the
commonly used TSA mode, reveals high potential for decreasing the CO2-specific heat
demand of air capture units by efficient recovery of the sorbent sensible heat. In this
respect, a detailed investigation of the maximum efficiency of heat recovery indicates
that integration concepts, which make use of a transformation of the adsorption process
cyclic operation mode from time to space domain, can offer superior heat integration
characteristics.

This chapter is structured as follows:

Section 2.1 State of the art
takes into account the results presented in Chapter 1 that indicate DAC to be one of the
most promising approaches to NET s. The current state of knowledge with respect to the
implementation of this technology is summarized.

Section 2.2 Intrinsic constraints of DAC
is motivated by the analysis given in Section 2.1 and dedicated to the investigation of
the main constraints that large-scale DAC units are subject to. Especially considerations
with regard to the energy level are taken into account.

Section 2.3 Approaches to heat integrated DAC concepts
deepens the analysis given in Section 2.2 with respect to the CO2-specific energy demand
of DAC concepts. Focus is placed on recovery strategies for the sorbent sensible heat.

Section 2.4 Summary and conclusion
summarizes the results of this chapter and motivates the main research objectives to be
investigated in Chapters 3 and 4.
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2.1 State of the art

On a first view, the approach of implementing large-scale air capture facilities might
intuitively seem quite ambitious. However, the general concept of separating carbon
dioxide from air has successfully been applied for a long period of time, e.g., in submarines
or space shuttles,17,36,79 with a first patent80 dealing with CO2 removal form air being dated
to 1966. Moreover, the basic separation technologies to remove CO2 from gas streams,
e.g., large-scale amine-based flue gas scrubbing in power plants, are currently available at
a high level of technological maturity81 and also the small-scale removal of CO2 from air,
e.g., being required in air liquefying processes,82 has been studied for decades.83 Thus, the
general question to be answered in the context of CO2 mitigation strategies is not if air
capture is feasible, but if this technology can be implemented with reasonable effort on a
large scale. Consequently, since its first mentioning by Lackner et al.84 in 1999, significant
progress has been achieved in the area of DAC,17,38,41,67,85 leading to the realization of
large-scale demonstration plants in the last decade.

As the scope of DAC is comparable to that of point source capture, transfer of technolo-
gies designed for this purpose intuitively seems advantageous. However, under the specific
constraints of DAC (Section 2.2) not all technologies available are beneficial. The ratio
of carbon dioxide to other species in air is currently about 1 : 2500 (Figure 1.1(a)). Thus,
use of technologies that are based on thermopysical modification of the state of air, i.e.,
on temperature change or compression, are most likely not affordable.36,84 Consequently,
cryogenic or membrane processes are in general not considered for DAC applications,
leaving ab- and adsorption-based separation processes to be investigated in more detail.

Focusing on absorption processes, only use of sorbents that chemically bind CO2 seems
reasonable to ensure high CO2 adsorption capacities at its low partial pressure in ambient
air.67,85 Consequently, solutions containing inorganic compounds, e.g., NaOH or KOH,
are favored as sorbents compared to organic solutions that physically bind CO2.41,85 For
regeneration of these sorbents, either electrodialysis or high-temperature calcination loops
are investigated.67,85 Being energy- as well as investment-intensive, approaches including
electrodialysis86,87 are currently not commercially applied.85

Compared to the limited amount of publications dealing with electrodialysis-based
sorbent regeneration, various research groups17,37,88–91 focus on the development of cal-
cination concepts within DAC approaches. However, reasoned in the high operation
temperatures required for the calcination process (> 700 °C)41,85, these concepts become
very energy-intensive. Moreover, use of liquid sorbents can be accompanied by sorbent
losses via evaporation and by possible contamination of the liquid phase, e.g., by dust.
The latter could be avoided by prior cleaning of the air. However, additional pressure
losses arising from use of gas filters might not be affordable from an energy point of view
(Section 2.2.2). Nevertheless, despite these hurdles, Carbon Engineering92 launched a
pilot plant based on a KOH loop in 2015, which allows for a CO2 capacity of 0.6 t day−1.93

Acknowledging that there are approaches to reduce the energy demand of liquid
sorbent-based air capture systems,94,95 it is at present state considerably high and results
in significant project costs.96 Consequently, the application of solid sorbents,96–104 which
among others offer the advantage of a lower heat capacity compared to aqueous systems,
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is intensively discussed. Besides solid inorganic-bases materials, organic – inorganic hybrid
sorbents, e.g., amine-based ion exchange resins, are subject to a more detailed investiga-
tion (Section 3.1).67 In general, regeneration of the sorbent by temperature (TSA)98 or
temperature-vacuum-swing (TVSA)100,103,104 in the low temperature region85 is thought
of, but also alternative sorbent regeneration strategies, e.g., moisture-swing-adsorption
(MSA), are investigated to reduce the CO2-specific energy demands.99,101,102

Various companies realized adsorption-based DAC units on different scales. Among
those, the Swiss company Climeworks105 already offers fully automated DAC technolo-
gies on a commercial scale. Combining a TVSA concept with amine-based sorbents, their
basic module offers a capture capacity of 135 kg day−1, while working at regeneration tem-
peratures in the order of 100 °C. This technology is used among other research programs85

in the European CarbFix project66, in which the CO2 captured is introduced into basaltic
rock formations to allow for CO2 storage via mineral weathering. Moreover, it is used on
a commercial basis in the Norwegian Heroya project that aims for production of synthetic
mineral oil via a power-to-liquid (PtL) technology, developed by Sunfire.106

Also the U.S. company Global Thermostat107 uses amine-based solid sorbents for its
capture technology. Desorption of CO2 with a purity of 98 % is realized using steam at
low temperatures 85 – 100 °C. Allowing for scalability via numbering-up, its basis modules
can provide capacities of 2.7 – 11 t day−1 at container size and 137 t day−1 at full-scale
design.107,108 A first pilot plant erected at SRI International (Menlo Park, Canada) in
2010 already offered a capacity of 500 t year−1, which was increased to 1000 t year−1 in
2013. Moreover, a commercially operated DAC plant with a planed ultimate nominal
CO2 capacity of 4000 t year−1 was realized in Huntsville, Alabama, in 2018.109

Besides the concepts of these major companies, several other approaches to DAC on an
experimental, pilot or commercial scale have been documented (Table B.1). Comparing
the publications and process descriptions outlined in more detail, it becomes apparent
that two major concerns from an engineering point of view arise in large-scale realization:

1. An efficient way of contacting the sorbent with ambient air, i.e., avoiding high
pressure losses within the DAC unit110,111 (Section 2.2.2)

2. The high CO2-specific energy demand, arising, besides others, from sorbent tempe-
rature change in temperature-swing and from co-adsorption of water (Section 2.2.3)

Especially with regard to point two, a high optimization potential is found (Section 2.3).

2.2 Intrinsic constraints of DAC

Even if the CO2 content in ambient air (∼ 400 ppm) is significantly lower than the one
present in flue gas capture processes (∼ 10 – 15 %),81,112 from a thermodynamic point of
view, energy requirement of DAC need not to be significantly higher compared to flue gas
capture (Section 2.2.1). However, the thermodynamic minimum energy requirement may
not reflect the whole characteristics of the capture process. This is, additional energy
demands, e.g., for air – sorbent contacting (Section 2.2.2) or for sorbent sensible heat
requirements (Section 2.2.3), are not accounted for. Identifying adsorption processes to
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2.2 Intrinsic constraints of DAC

be most promising (Section 2.2.4), a more detailed analysis of these technologies reveals
that intensified heat integrated DAC concepts can help decreasing the gap between real
and minimum energy requirements (Section 2.3).

It seems reasonable to define a reference energy level that allows for an interpretation
of energy and heat flows with respect to the process design intended. Bearing in mind that
the overall scope of this contribution lies in the realization of an autothermal DAC – PtG
approach, with the major heat source being the highly exothermal Sabatier reaction

4 H2 + CO2 
 CH4 + 2 H2O ∆H◦rea,Sab = −165.0 kJ , (2.I)

the heat release of this reaction is interpreted as the process natural energy scale. Energy
sinks and sources are discussed with reference to this reaction. For the sake of clarity, in
general, discussions are given on an energy scale. If exergy levels are used for interpretation
purpose, these are explicitly denoted.

2.2.1 Thermodynamic minimum energy demand

Reasoned in the very dilute state of CO2 in ambient air, DAC applications can not
capture the same amount of CO2 at comparable energy demands as capture technologies
that use concentrated sources. However, application of NET s will most likely become
unavoidable in the near future, not to substitute common CCSU , but to supplement it
(Section 1.1.3). Comparing the two technologies, one has to consider that there exists
an essential difference in their scopes. Common CCSU aims for emission reduction, i.e.,
minimizing a carbon source, whereas DAC focuses on negative emissions, i.e., on realizing
a carbon sink. Ignoring approaches as BECCS that in fact include air capture by plant
growth, this implies that even if common CCSU is applied with 100 % efficiency, it still
does not allow for negative emissions.

Even with the arguments given at hand, prohibitively high energy demands of DAC
would most likely impede its large-scale implementation. In this respect, investigation of
the minimum thermodynamic energy demand

∆gsep,CO2 = Rid · TG · ln
(

pG

pG,CO2,mix

)
= Rid · TG · ln

(
1

yG,CO2,mix

)
(2.1)

to extract one mole of CO2 from an ideal gas mixture of infinite size, allows for a first
comparison between air and point source capture technologies.112 Figure 2.1(a) compares
the minimum work required to extract CO2 from a gas mixture in dependence of the
CO2 share present. Even if the CO2 concentration varies over three orders of magnitude,
this does not hold true for the minimum, CO2-specific separation work ∆gsep,CO2 that
only changes by a factor of 3.4. This means that based on thermodynamic considerations
removing CO2 from air (yG,CO2,mix≈ 400 ppm) does not need to be prohibitively more
energy demanding than its removal from flue gas (10 %. yG,CO2,mix. 15 %)81,112. More-
over, based on the results presented, one may conclude that even at lower carbon dioxide
concentrations present in the atmosphere, e.g., at yG,CO2,mix≈ 100 ppm, air capture seems
still feasible from an energy point of view.
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Figure 2.1: (a) Thermodynamic minimum energy demand ∆gsep,CO2
and (b) relative thermody-

namic minimum energy requirement φ∆gsep,CO2
,∆h◦

rea,Sab,CO2
with reference to Sabatier reaction heat

release for separation of CO2 from a gas mixture of infinite size with a CO2 content yG,CO2,mix

and temperature of TG = 298.15 K. The CO2 stream separated is at the same pressure as the gas
mixture. Ambient CO2 content (yAmb,G,CO2

) is marked by a star (∗).

The relative minimum energy demand with reference to Sabatier reaction heat release

φ∆gsep,CO2
,∆h◦rea,Sab,CO2

=
∆gsep,CO2

∆h◦rea,Sab,CO2

(2.2)

allows for a first estimate with regard to the feasibility of an autothermal process design.
As indicated by Figure 2.1(b), even in the case of extracting CO2 from a reservoir with
100 ppm CO2 share, φ∆gsep,CO2

,∆h◦rea,Sab,CO2
takes values well below 14 %. This means that

even with a very low efficiency of energy use, the heat release by Sabatier reaction can
suffice to match the thermodynamic minimum energy requirement. However, a variety of
non-idealities and losses need to be considered in the sorbent-based air capture process
investigated, which lead to considerable higher energy demands compared to the limiting
case analysis given (Sections 2.2.2 - 2.2.3, 2.3).

2.2.2 Pressurizing the air

Considering the design of air capture technologies, one may intuitively think of applying
membrane-, absorption- or adsorption-based technologies. These are commonly used for
separation of small amounts of components that are present in minor quantities in gas
mixtures and can not easily be separated, e.g., by condensation. In membrane applica-
tions, a maximum driving force of about 40 Pa can be reached in a best case scenario if
non-pressurized air is used. One may intuitively think of pressurizing the air, to increase
the driving force of mass transfer. If the ambient CO2 content was in the percentage
range, this might be reasonable. However, in air capture applications, the mole fraction
of CO2 currently takes levels of about 400 ppm. This means that every energy input to
a volume of air from which CO2 is to be separated scales at least with a factor of 2500,
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2.2 Intrinsic constraints of DAC

if being referred to the amount of CO2 captured. High CO2-specific energy requirements
of compression have to be expected, which can result in considerable overall energy de-
mands. To give a reference, at NET -CO2 capacities of 20 Gt a−1 that might be required
at the end of this century (Section 1.1.3), a CO2-specific compression work of 10 kJ mol−1

equals a total energy demand in the order of magnitude of 0.8 % of the world energy
demand in 2018 (14.3 · 103 Mtoe113). As shown by Figure 2.2(a), which visualizes the
specific compression energy of air per mole CO2 present ecom,G,spenCO2

in dependence of

the pressure change induced ∆pcom,G, energy demands significantly above this level might
be required. It becomes apparent that even a very small change in the overall pressure of
the gas mixture results in considerable specific energy demands. Consequently, it seems
hardly possible to use membrane technologies as main separation step in DAC .

0 1 2 3 4 5

0

50

100

150

200

250

300

350

∆pcom,G /103 Pa

e
c
o
m
,
G
,
s
p
e
n
C
O

2

/
k
J
m
o
l−

1

(a) Spec. compression energy ecom,G,spenCO2

0 0.5 1 1.5 2
10

0

10
1

10
2

10
3

10
4

uG,sup /m s−1

∆
p
lo
s
,
G
,
s
p
e
∆

x
/
P
a
m

−
1

DP

HCha

(b) Pressure loss ∆pG,spe∆x

Figure 2.2: (a) Ideal, CO2-specific compression energy ecom,G,spenCO2

of dry air (-) in dependence

of pressure change ∆pcom,G. The initial pressure of the gas phase to be compressed equals 105 Pa.
Moreover, the heat release of Sabatier reaction per mole of CO2 converted −∆h◦rea,Sab,CO2

is shown
as a reference (- -). Pressurization energy requirement is calculated based on the assumption of
ideal, adiabatic compression (Appendix C.3.3.1). (b) Specific pressure loss per adsober length
∆plos,G,spe∆x

in dependence of the superficial gas velocity uG,sup for a fixed bed adsober (-) and
monolith adsorber design (- -), with sorbent particle diameter DP and channel width HCha, re-
spectively, of 0.5, 1, 2 and 5 mm. Void fractions of ψB = 0.38 (Section 3.3.1) and ψCha = 0.8 are
assumed for the fixed bed and monolith structure, respectively, which are in the typical ranges for
these types of adsorbers (0.26≤ψB≤ 0.48, 0.72≤ψCha≤ 0.87).114,115 The pressure loss of the fixed
bed is calculated by Ergun equation116, whereas for the calculation of pressure losses within the
monolith a Hagen-Poiseuille-type equation116,117 is used. For pressure loss calculations properties
of dry air116 at 25 °C and 105 Pa are used.

A similar difficulty arises in sorbent-based DAC concepts. These become subject to the
constraint of low pressure losses during air – sorbent contacting, if reasonable energy de-
mands are aspired. As shown by Figure 2.2(b) pressure losses arising in conventional fixed
bed adsorbers seem to impede their application in DAC concepts. Even use of honeycomb
monolithic structures, which are known for their low pressure loss characteristics,99,115,117

only allows for small superficial gas velocities that limit the maximum productivity of the
DAC unit by the convective transport of CO2 to the sorbent (Figure 2.3(a)).
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2 Basic considerations of DAC

Bearing in mind that in large-scale realizations of DAC processes the question of an
efficient sorptive – sorbent contacting becomes crucial, use of kinetic energy present in am-
bient air, i.e., of natural convection (wind), might be beneficial17 to avoid air compression.
In a best case scenario, this implies realization of DAC units at locations that offer steady
wind conditions in a reasonable order of magnitude. However, the optimal wind velocity
will depend on the contactor design, e.g., Socolow et al.17 assume air velocities of 2 m s−1,
whereas Goldberg et al.118 propose to place air capture units at the Kerguelen plateau re-
gion in the Indian Ocean where steady west-northwest wind velocities range 8.1 – 14 m s−1.

Investigating the influence of wind velocity on contactor design, three main consider-
ations may be named which set constraints to possible air velocities with respect to air
capture units. These are the amount of CO2 convectively conveyed to, and through the
air capture unit, the maximum allowed pressure loss within the unit and its safe opera-
tion. Figure 2.3(a) gives a first impression of the air velocity influence on the maximal
productivity of a DAC unit by depicting the variation of the CO2 flow per square meter of
unit facing the wind in dependence of the air velocity. Even at the maximum air velocity
investigated only 51 kg h−1 m−2 of CO2 are flowing through the contactor at CO2 mole
fractions currently present in air. Moreover, to maintain a minimum driving force for the
adsorption process, the contactor will most likely not capture CO2 with an efficiency of
100 %. This results in an even lower productivity.
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Figure 2.3: (a) Specific CO2 mass flow per square meter of contactor facing the air flow
ṀDACAds,in,G,CO2

for CO2 mole fractions in ambient air yAmb,G,CO2
ranging 100 – 500 ppm dis-

tributed in equal intervals of 100 ppm and (b) specific kinetic energy119 of air ekin,G in dependence
of air velocity uG. Calculations are performed for dry air116 at 25 °C and 105 Pa.

If compression of air is to be avoided, the kinetic energy of ambient air ekin,G will
determine the maximum allowed pressure loss in the contactor. In this respect, the results
summarized in Figure 2.3(b) indicate that even if kinetic energy scales in a quadratic
manner with gas velocity,119 pressure losses within the DAC unit are allowed to reach
250 Pa in the best case scenario. For technical applications, this maximum pressure loss
is very small and the kinetic energy, as well as the maximum productivity, will increase
with gas velocity. Thus, one may intuitively aim to investigate higher gas phase velocities.
However, with rising air velocities, the forces acting on the DAC units will increase. Air
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velocities above 20.8 m s−1 are already classified as storm.120 In this respect, a comparison
to well-researched wind turbines that typically operate at wind velocities ranging 6 –
16 m s−1 and begin to shut down above 20 m s−1,121 may help to estimate a reasonable basis
for the design of DAC units. On the other hand, if DAC units are not to be placed offshore,
one has to expect significantly lower air velocities that, e.g., in Germany can be described
by Weibull distributions with mean velocities in a height of 10 m ranging 2 – 6 m s−1.121

In conclusion, this preliminary analysis indicates that regardless of whether the kinetic
energy of the ambient air or additional compression energy is used for air – sorbent con-
tacting, realization of low pressure losses will become a crucial design constraint in DAC
applications. A more detailed investigation of these preliminary findings with respect to
a specific adsorber design will be given in Chapter 4.

2.2.3 Thermal energy demand

One may consider to change the air temperature, e.g., aiming for a cryogenic operation to
separate CO2, as commonly done in feed stream preparation of air separation plants.79,81

However, even if cryogenic capture processes of CO2 from flue gases can be operated at
a capture efficiency of 99 % at 105 Pa, the gas phase has to be cooled down to −135 °C.81

Taking into account the properties of air at ambient conditions,116 a change of air tem-
perature by 1 K would require a CO2-specific energy demand of 73 kJ mol−1, which lets
the application of cryogenic processes in the context of DAC seem unfeasible.

Focusing on TSA operation, an other important characteristic of air capture processes
with respect to their thermal energy demand is revealed. For exemplifying purpose, the en-
ergy demand for cyclic operation between temperature levels that differ by 75 K is investi-
gated based on common sorbent properties, e.g., heat capacity cp,P = 1.5 kJ kg−1 K−1 (Sec-
tion 3.3). A CO2-specific energy demand of the sorbent temperature change in the order
of magnitude of 113 kJ mol−1 is required at a working capacity of 1 mol kg−1, whereas at
working capacities of 0.25 mol kg−1 the specific energy demand increases to 450 kJ mol−1.
A comparison with Sabatier reaction heat release (165 kJ mol−1) reveals high influence
of this heat demand on the processes overall energy balance. The need for efficient heat
integration strategies of the sorbent sensible heat, to minimize the CO2-specific energy
requirement that currently impedes its efficient large-scale application, is underlined.

Summarizing, high energy requirements of changing air temperature impede use of
separation processes based on this principle, e.g., cryogenic concepts. If the application
of sorbent-based separation processes is aspired, which use a thermal driving force in the
regeneration process, efficient recovery of the sorbent sensible heat becomes crucial to
minimize the process energy demand.

2.2.4 Ab- and adsorption concepts in DAC applications

The analysis given in Sections 2.2.2 - 2.2.3 confirms the tendency observed in the literature
review (Section 2.1) that ab- and adsorption processes should predominantly be con-
sidered as technological approaches to DAC . In this respect, especially research in solid
sorbent-based DAC technologies has significantly increased in the last decade.67,96,122,123

This is reasoned in various advantages attributed to use of solid sorbents. Referring to
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the target of this work, besides other sorbent-specific properties (Chapter 3), especially
the lower heat capacity of solid compared to liquid sorbents can become a significant
advantage in commonly applied, thermally driven regeneration concepts.124,125

In contrast to common CCSU , CO2 is captured from the ambient, such that contami-
nation of the capture unit educt gas by volatile hazardous compounds of the sorbent is to
be avoided. Even if this can be ensured, considering for exemplifying purpose an aqueous
sorbent system, the saturation pressure of water under ambient conditions, given by An-
toine equation126, is in the order of magnitude of 3.2 kPa. Assuming a change in relative
humidity of air by 10 % when being contacted with a liquid sorbent, the ratio between
the volatile H2O loss to the ambient and maximum amount of CO2 capturable is eight.
In conclusion, high sorbent losses have to be expected when using liquid sorbents,43,67,125

which in the case of aqueous systems might become a strain to fresh water resources.
Moreover, in a non-ideal setting, ambient air will contain contaminants, e.g., dust,

which might accumulate in the liquid sorbet, whereas in the case of solid sorbents only
minor effort to remove deposits has to be expected. One may argue that use of air filters
would be an easy solution to solve this issue. But this would contradict the requirement
of low pressure losses in the DAC unit determined in the analysis given in Section 2.2.2.

Concluding, the application of solid sorbent-based air capture processes seems most
promising compared to other gas separation technologies. Hence, the analysis to follow
will focus on this technological approach.

2.3 Approaches to heat integrated DAC concepts

The basic analysis given in Section 2.2 reveals that for an energy efficient application of
air capture units their design and operation needs to ensure low pressure losses during
air – sorbent contacting and should aim for minimum energy demands in the sorbent
regeneration step. Whereas the first aspect named results in specific design constraints
for the DAC concept (Chapter 4), a more detailed analysis of the DAC process energy
balance is required to interpret the consequences of the second implication. In this respect,
Section 2.3.1 gives a first estimate for the minimum degree of heat integration required
within the DAC unit to allow for an overall autothermal DAC – PtG process. Based on
these results, Section 2.3.2 investigates strategies for efficient thermal integration.

2.3.1 The minimum degree of heat integration within the DAC unit

With focus on the heat demand of commonly applied TSA concepts, one may define the
condition to enable operation of a temperature-swing cycle as

Qext ≥ Qads,CO2 +Qsen,Sor +Qsin,adi , (2.3)

with Qext being the external heat source available, Qads,CO2 defining the heat demand
of CO2 desorption and Qsen,Sor resembling the contribution of the sorbent temperature
change. For a first case analysis only the contributions named are considered, i.e., Qsin,adi

that represents the additional heat sinks or sources becomes zero as they either contribute
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little to the overall heat balance, e.g., the sensible heat of the CO2 adsorbed, or require
a more complex investigation to be performed in the subsequent chapters, e.g., water
co-adsorption (Chapter 5). This allows to rewrite (2.3) such that a criterion to estimate
the feasibility of autothermal operation is received, which reads

−∆h◦rea,Sab,CO2
=

Qext

mP ·∆qwor,CO2

≥ −∆hads,CO2 + (1− ηint,the) ·
cp,P ·∆Tads,des

∆qwor,CO2

. (2.4)

The parameter mP defines the mass of sorbent used and Qext is reformulated assuming
the heat release of Sabatier reaction to be the only heat source available. Accepting
that (2.4) is a strongly simplified version of the overall heat balance, it nevertheless
allows for a first insight into the energy balance of the integrated DAC unit, which
is sufficient at this stage of the investigation. Note that for a given sorptive – sorbent
system the heat of adsorption ∆hads,CO2 is defined by the thermodynamics of the gas –
solid system, as is the heat capacity of the sorbent. Moreover, the maximum sorbent
working capacity ∆qwor,CO2 is limited by the equilibrium loading under ambient conditions,
whereas a minimum temperature difference between the adsorption and desorption cycle
∆Tads,des is required to split the bond between adsorbt and sorbent. Thus, for a given
gas – solid system the major degree of freedom that can be varied to satisfy (2.4) is the
efficiency of sorbent sensible heat recovery ηint,the.

Figure 2.4 evaluates the influence of ∆qwor,CO2 and ∆Tads,des on the minimum efficiency
of thermal integration ηint,the,min required to satisfy (2.4), for a reference sorbent with
cp,P = 1.5 kJ kg−1 K−1 and ∆hads,CO2 = -84 kJ mol−1 (Chapter 3). If one was able to design
a sorbent that requires only small amplitudes of temperature cycling to allow for high
working capacity, no heat integration, i.e., ηint,the,min = 0, would be required to satisfy
(2.4). However, reasoned in low partial pressure of CO2 in the ambient, comparatively
low maximum sorbent loadings are to be expected in DAC applications (Section 3.1),67

while simultaneously the formation of chemical bonds between the adsorbt and sorbent
seems to be unavoidable,41,85 to ensure reasonable working capacities and to minimize
co-adsorption phenomena. Unfortunately, the aspects named clearly contradict the aim
of simultaneously realizing high working capacities and low sorbent regeneration temper-
atures. Moreover, in general one would not operate at working capacities in the vicinity
of the maximum loading, to ensure high driving forces of the adsorption process. Con-
sequently, low values of ∆qwor,CO2 of less than 1 mol kg−1 might be realizable. However,
with respect to the data shown in Figure 2.4, it seems that even in the worst case sce-
nario excessively high values of ηint,the,min are not required to satisfy (2.4). Consequently,
an investigation of possible heat integration strategies within DAC units to allow for
autothermal operation of the overall process structure seems to be a promising approach.

On the other hand, the results indicate that if a suitable sorbent with high working ca-
pacity was available, already comparatively low values of thermal integration might suffice
to ensure autothermal operation. This on a first view puts the aim of reaching high values
of ηint,the,min into question. Nevertheless, the energy spent for CO2 separation can reach
significantly high values, e.g., realization of capture facilities in point sources can already
result in an increase of the energy requirement by 25 – 30 %.81 For exemplifying purpose,
focus is placed on a scenario with ∆Tads,des = 75 K and ∆qwor,CO2 = 0.7 mol kg−1. This
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Figure 2.4: Minimum degree of thermal integration ηint,the,min to satisfy (2.4) as a function of the
CO2 working capacity ∆qwor,CO2 for temperature differences between the ad- and desorption cycle
∆Tads,des of 50 (-), 75 (- -), 100 (- ·) and 125 K (· ·). Calculations are based on the thermophysical
properties of a reference system with cp,P = 1.5 kJ kg−1 K−1 and ∆hads,CO2

= -84 kJ mol−1.

requires the minimum degree of thermal integration to be 50 %. If working at ηint,the,min

is aspired, 50 % of the energy stored in the sensible heat of the sorbent is not recovered.
This is, the CO2-specific energy penalty attributed to the cyclic operation of the sorbent
is 80 kJ mol−1, which would result in a loss of heat in the order of magnitude of 1.2 TW,
assuming that 20 Gt a−1 CO2 are to be captured according to the worst case scenarios
summarized by the IPCC (Section 1.1.3). A comparison with the currently installed
global power generation capacities, which are about 7.8 TW, with power generation by
coal (∼ 2.1 TW) and gas (∼ 1.9 TW) accounting for more than half of the total capaci-
ties,113 reveals that the loss of thermal energy in the DAC unit can be in a significantly
high order of magnitude. Even if the comparison given might overestimate the amount of
CO2 captured by DAC in the future, it nevertheless motivates realization of high degrees
of thermal integration to minimize the thermal losses to the environment. This way, one
might free more valuable heat sources at elevated temperature levels, e.g., heat release by
Sabatier reaction, to be used in additional process steps or for electric power generation.

2.3.2 Approaches to increase the efficiency of thermal integration

The results summarized in Section 2.3.1 indicate that realization of a high degree of ther-
mal integration in the DAC unit might be beneficial to reduce the CO2-specific energy
demand of air capture applications. Common thermal integration strategies are investi-
gated (Section 2.3.2.1) and innovative concepts that make use of adsorber operation in
spatial cyclic steady state are proposed (Section 2.3.2.2).

2.3.2.1 Evaluation of common approaches

To reach high levels of thermal integration, one may consider integration of two or more
DAC units such that the heat released during the cooling stage of one unit is used as
heat source for temperature increase from adsorption to desorption level in an other
unit. Figure 2.5(a) visualizes this concept for a simple integration of two DAC units
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Figure 2.5: Visualization of the temperature profiles for (a) two and (b) three DAC units in an
integrated approach. The evolution of the DAC unit temperatures TDACiDAC

in dependence of
time t for the integration half cycle of one unit, i.e., heating up of DAC 1 unit from adsorption
temperature Tads to the maximum temperature realizable by a simple co-current heat integration
scheme is shown. Moreover, the desorption temperature level Tdes and the linear driving force of
the heat transfer ∆Tldf,DAC are depicted.

under the constraint of an uniform spatial temperature change within the units. In a
best case scenario, i.e., in the case that the minimum temperature difference required for
sufficient heat transfer ∆Tldf,DAC converges to zero, a maximum degree of sensible heat
recovery of 50 % is reached. Given that the results summarized in Section 2.3.1 motivate
the realization of high degrees of heat recovery, the integration of multiple DAC units as
visualized in Figure 2.5(b) is conceivable. Applying this integration scheme, the maximum
degree of thermal integration can be determined by

ηint,the,max,mul = 1− φ∆Tldf,DAC,∆Tads,des
−

1− φ∆Tldf,DAC,∆Tads,des

Iint,DAC

, (2.5)

with Iint,DAC giving the number of DAC units integrated and φ∆Tldf,DAC,∆Tads,des
being

defined as

φ∆Tldf,DAC,∆Tads,des
=

∆Tldf,DAC

∆Tads,des

. (2.6)

Focusing on (2.5), asymptotic dependency of ηint,the,max,mul on Iint,DAC becomes apparent,
which indicates that a significant number of DAC units need to be thermally integrated
to attain a high degree of heat integration. This observation is underlined by Figure 2.6
that visualizes the evolution of the efficiency of thermal integration in dependence of the
number of units being integrated for various values of φ∆Tldf,DAC,∆Tads,des

.

One notices that φ∆Tldf,DAC,∆Tads,des
determines the maximum level of heat integration

that can be reached in the limiting cases of Iint,DAC approaching infinity. However, even in
the best case scenario with φ∆Tldf,DAC,∆Tads,des

= 0, a significant number of thermal couplings
is required to attain high degrees of ηint,the,max,mul. Acknowledging that this modular
approach can provide high levels of thermal integration, it might entail a considerably
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Figure 2.6: Maximum efficiency of thermal integration ηint,the,max,mul reached via the coupling of
multiple DAC units in dependence of the number of DAC units integrated Iint,DAC. Ratios between
the linear driving force required for heat transfer and the temperature difference between the ad-
and desorption cycle φ∆Tldf,DAC,∆Tads,des

of 0 (•), 0.01 (∗), 0.05 (�) and 0.10 (+) are investigated.

logistical expense, reasoned in the coupling of multiple, periodically operated DAC units.
To be more specific, to reach a level of thermal integration of 80 %, in the best case scenario
five units need to be integrated simultaneously, whereas for heat integration levels of 90 %
a thermal coupling of ten units is required. Consequently, following this approach only
seems to be reasonable if a medium level of thermal integration is aspired.

To avoid the challenge of simultaneously coupling multiple DAC units, one may
consider to use the approach of hot-gas desorption127. This is, the strip gas first passes
one adsorber in the cooling stage and is afterwards sent to an other unit that is currently
in the heating cycle. Heat is transferred from the hot to the cold unit. Temperature and
concentration fronts in the units arise that allow for an intensive heat integration. For
exemplifying purpose, this concept is applied to a DAC approach operating in TSA mode
with a working capacity of ∆qwor,CO2 = 1 mol kg−1. Drawing a basic energy balance allows
to estimate the maximum mean CO2 concentration leaving the adsorber in dependence of
the sorbent and stripping gas heat capacity. The stripping gas heat capacity is estimated
to take a value of 29 J K−1 mol−1, which is in the order of magnitude of the heat capacity
of hydrogen,128 whereas the sorbent heat capacity is estimated to be 1.5 kJ kg−1 K−1.
It can be shown that even in the best case scenario of a negligible small thermal slip
between the stripping gas and solid phase, the thermal energy stored in the sensible heat
of 52 mol stripping gas is required to heat 1 kg of sorbent. This results in a maximum
mean CO2 mole content at the adsorber outlet of less than 2 %.

In conclusion, the concept of single stage hot-gas desorption, with typical concen-
tration factors ranging 10 – 20,129 does not allow for the high change in the CO2 share
required, e.g., to directly use the product gas in PtG applications (∼ 500), if hydrogen
is used as stripping gas. Moreover, additional drawbacks as the necessity of subsequent
gas separation steps or increased energy penalties resulting from H2O co-desorption can
arise. Besides, also a simple coupling of multiple DAC units, e.g., by a liquid heat trans-
fer fluid,130 does not seem promising (Figure 2.6) with regard to the maximum level of
ηint,the,max,mul attainable and to the drawbacks resulting from the synchronized operation
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of multiple DAC units. Consequently, alternative heat recovery concepts are required to
maximize the efficiency of sorbent sensible heat recovery.

2.3.2.2 Transformation from time to space domain

Bearing the analysis given in Section 2.3.2.1 in mind, it seems reasonable to focus on heat
integration within a single DAC unit. In this respect, one may consider that from an
engineering point of view, the primary question is not if enough heat on a sufficiently
high temperature level is available for heating of the solid sorbent from adsorption to de-
sorption temperature by means of internal heat exchange, but when this heat is available.
Transformation of the heat integration problem from time to space domain would allow
to thermally couple any point of the sorbent temperature trajectory in the cooling cycle
as heat source with a point at lower temperature in the heating cycle. Figure 2.7 visual-
izes the basic concept behind this heat integration approach. Realization of a direct and
indirect heat transfer between the sorbent particles is considered. For the sake of clarity,
heat effects arising from the ad- and desorption process are not discussed at this stage.

x

T

Tads

Tdes

∆Tldf,DAC

Q̇ext

(a) Direct heat integration concept

x

T

Tads

Tdes
∆Tldf,DAC

Q̇ext

(b) Indirect heat integration concept

Figure 2.7: Sketch of integration concepts for sorbent sensible heat. (a) Direct and (b) indirect
integration strategies are shown, in which a thermal coupling of sorbent particles in the heating and
cooling cycle is realized by transformation of the adsorption process cyclic steady state from time
to space domain. The evolution of the sorbent temperature profile (-) along the spatial coordinate
x is shown. Moreover, the additional liquid heat transfer medium’s trajectory of temperature in the
indirect concept is depicted by a bold dashed line (- -). Heat flows are visualized by thin dashed
arrows (- -). The temperature levels of adsorption (Tads) and desorption (Tdes), the minimum
temperature difference required for efficient heat transfer ∆Tldf,DAC and the external heat provided

Q̇ext are shown.

In the direct heat integration concept shown in Figure 2.7(a), heat recovery is enabled
by a forced hysteresis in the sorbent temperature profile. To be more specific, if the
sorbent particles are moving, counter-current sorbent – sorbent heat exchange can be re-
alized by additional external heating (Q̇ext) that creates a driving force (∆Tldf,DAC) for
heat transfer. The trajectory of the sorbent temperature in the spatial coordinate can
be summarized as follows: after being contacted with ambient air at temperature Tads,
the sorbent temperature is increased by direct heat transfer, e.g., via a solid heat transfer

27



2 Basic considerations of DAC

medium, by counter-current heat exchange with sorbent particles in the cooling stage. A
minimum temperature difference of ∆Tldf,DAC is required to allow for a sufficiently high
heat flow between the streams, limiting the maximum temperature reachable by heat
integration. Additional heat input (Q̇ext), e.g., from Sabatier reaction, is required to
generate a minimum temperature difference of the heat transfer process. In the scenario
depicted, this heat input is used to increase the sorbent temperature by ∆Tldf,DAC to reach
desorption temperature level Tdes. After the desorption of CO2, sorbent sensible heat is
recovered via counter-current heat exchange with sorbent particles in the heating stage.
Focusing on the characteristic temperature levels exhibited by the sorbent, which reflect
the amount of external heat required (∆Tldf,DAC) and the overall change in the sorbents
sensible heat (∆Tads,des), one notices that the efficiency of thermal integration allowed for
by the direct heat integration concepts is given by

ηint,the,max,dir = 1− φ∆Tldf,DAC,∆Tads,des
. (2.7)

Equation (2.7) specifies the thermal efficiency of the multi-unit heat integration (2.5) in
the limiting case of an infinite number of units coupled. Bearing in mind that the ideal
counter-current heat exchange resembles an infinite number of heat transfer stages, this
does not come by surprise. Nevertheless, the analysis given clearly indicates the direct
heat transfer concept to be superior with regard to its ability of reaching high degrees of
thermal integration. For a more detailed analysis with respect to the technical realization
of this concept, the reader is referred to Chapter 4.

Besides direct heat transfer between the sorbent particles, use of an additional heat
transfer medium in counter-current operation to the solid sorbent flow is conceivable
to realize high degrees of heat recovery. Figure 2.7(b) visualizes the basic temperature
profiles during the heat exchange process. Solid sorbent particles are heated up from
adsorption (Tads) to desorption temperature (Tdes) by means of recuperative heat exchange
with the transfer medium. Moreover, in the cooling cycle the sensible heat of the sorbent
is recovered via heat transfer from sorbent to transfer medium. Evaluating the evolution
of the sorbent and transfer medium temperature profile, one notices that a thermal loss
in the order of 2∆Tldf,DAC has to be expected. This is also reflected by the heat input to
the external transfer medium that increases this medium’s temperature by 2∆Tldf,DAC to
generate the minimum temperature difference required for sufficient heat transfer. Based
on these observations, the maximum thermal efficiency, achievable by the indirect heat
integration concept, can be estimated by

ηint,the,max,ind = 1− 2 · φ∆Tldf,DAC,∆Tads,des
. (2.8)

Use of an additional transfer medium results in a more significant dependency of the min-
imum thermal loss on ∆Tldf,DAC, attributed to presence of additional thermal resistances
to be overcome during heat transfer between sorbent particles and heat transfer medium.
Bearing in mind that the heat flux per transfer area is not only a function of the tem-
perature difference between the streams, but also of the thermal resistance present, one
may wonder if φ∆Tldf,DAC,∆Tads,des

can be assumed to stay constant throughout the analysis.
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Table 2.1: Basic comparison of the direct and indirect heat integration approach with respect to
the results of the preliminary analysis given in Section 2.3.2.2.

Direct heat integration Indirect heat integration

Coupling of half cycles Direct Indirect
Counter-current heat transfer Sorbent – sorbent Sorbent – transfer medium
Heat losses ∝ ∆Tldf,DAC ∝ 2 ·∆Tldf,DAC

External heat supply To sorbent To transfer medium
Operation parameter Sorbent Sorbent and transfer medium

Indeed, this is not the case, as the thermophysical properties of the heat transfer media
and characteristics of the transfer process can vary between the concepts (Chapter 4).

Acknowledging that this observation indicates that the range of validity of the pre-
liminary analysis given is limited, it nevertheless allows for a first comparison of the
characteristics of the concepts, sufficient for the scope of the basic introduction aimed
for in this chapter. Table 2.1 summarizes the main differences between the two concepts.
Essentially, the key difference of the approaches presented lies in the coupling of the
heating and cooling cycle, i.e., a direct thermal coupling of the sorbents or an indirect
coupling via an additional transfer medium. Besides a different dependency of the heat
loss characteristics on the linear driving force of heat transfer (∆Tldf,DAC), this results in
the necessity of implementing a direct counter-current movement of solid sorbents in the
direct heat integration concept, whereas only a counter-current heat exchange between
the sorbent and additional transfer medium needs to be realized in the indirect concept.
Even if this difference might not become crucial from a heat integration point of view, it
implies significant differences in the design constraints for a technical realization. This
is, in contrast to the indirect concept, application of the direct heat integration concept
requires the heating and cooling zone length to be of the same length, and movement
of the solid phase in the heating and cooling zone can not simultaneously be realized
by gravitational forces. Moreover, in the direct concept external heat transfer is bound
to the heat exchange with the sorbent, whereas the indirect concept allows for sorbent-
independent external heating of the transfer medium. Besides these typical differences,
presence of an additional moving transfer medium in the indirect approach can allow for
additional degrees of freedom, such that the flexibility of the design and especially of the
operation parameters is significantly higher in the indirect concept.

In summary, based on the preliminary analysis given, both concepts can offer a high
efficiency of thermal integration that might significantly reduce the impedingly high CO2-
specific energy demand of DAC technologies. Based on the temperature profiles and
design constraints discussed in this section, a more detailed analysis of a technological
realization of the approaches presented is given in Chapter 4.
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2.4 Summary and conclusion

The results presented in Chapter 1 indicate large-scale application of NET s to become
most likely unavoidable in the near future. DAC technologies are among the most promis-
ing options for realization of NET s. But efficient large-scale use of DAC is bound to
specific limitations that arise from the dilute state of CO2 in the atmosphere.

Section 2.1 State of the art
summarizes the state of knowledge with respect to currently realized DAC technologies.
The findings outlined reveal that the concept of extracting CO2 from air has already been
analyzed and applied for several decades. But with CO2 being the target component in
large-scale DAC processes, use of the majority of commonly applied technologies is not
promising. Solely ad- and absorption-based capture concepts are currently investigated.

Section 2.2 Intrinsic constraints of DAC
confirms the tendencies observed in Section 2.1 by analyzing the intrinsic constraints of
DAC technologies. Thermodynamic minimum energy demand for CO2 separation from
the ambient is found to only exceed the one of flue gas capture by a factor of less than
four (Section 2.2.1). Reasoned in the low ambient CO2 content, separation technologies
that are based on a change of the thermophysical properties of air are not applicable from
an energy point of view. This limits the portfolio of separation technologies to ab- and
adsorption processes (Sections 2.2.2 - 2.2.3). Use of solid sorbents seems most promising
(Section 2.2.4). With regard to air – sorbent contacting, need of low pressure losses is
underlined. Simulation results indicate that gas phase compression by 1 % is already
accompanied by impedingly high energy demands of about 37 % of the Sabatier reaction
heat release (Section 2.2.2). Analysis of thermal energy demand reveals considerable
contributions of the sorbent sensible heat in TSA operation (Section 2.2.3).

Section 2.3 Approaches to heat integrated DAC concepts
investigates the minimum efficiency of thermal integration of the sorbent sensible heat
that allows for autothermal operation of an integrated DAC – PtG process (Section 2.3.1).
Even if the analysis given indicates that heat recoveries of less than 50 % suffice to en-
able autothermality of the overall process, heat losses attributed to low recoveries of
sorbent sensible heat can considerably increase the CO2-specific heat demand of the DAC
process. Different strategies for recovery of the sorbent sensible heat are investigated
(Section 2.3.2). Concepts for direct and indirect thermal integration in one DAC unit,
based on a transformation of the cyclic steady state operation profile of the DAC process
from time to space domain, are found to provide superior potential for heat integration.

In summary, intensified integrated DAC concepts can allow for a significant reduction
of the CO2-specific heat demand, but their design needs to be adjusted to the specific
requirements that result from air being the CO2 reservoir. Among those, especially real-
ization of low pressure losses within the DAC unit is identified as a key design constraint
to be analyzed in more detail in Chapter 4. However, before investigating this aspect, a
solid sorbent needs to be selected and examined with respect to its ability of technically
realizing the heat integration concepts proposed (Chapter 3).
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Abstract
Among various sorbents proposed for use in DAC applications, supported amine sorbents
(SAS ) are most promising. Besides superior capture capacity resulting from the formation
of strong chemical bonds between the amine moiety and CO2, their solid state avoids
hurdles that arise within the realization of liquid sorbent-based air capture processes,
e.g., sorbent entrainment. Within the class of SAS, application of Lewatit VP OC 1065 ,
a commercially available, polymeric ion-exchange resin with primary amine moiety, is
experimentally investigated with respect to its applicability as DAC sorbent. Adsorption
isotherm data are found to be well describable by Toth model. Adsorption capacities of
about 0.9 mol kg−1 at ambient CO2 pressures are revealed.

High levels of water co-adsorption in the order of magnitude of 9 mol kg−1 are found
under ambient conditions. Experimental results indicate that H2O adsorption can in
good accordance be described as a function of relative humidity by application of BET -
type isotherm models. Promoting effects of H2O co-adsorption on CO2 capacity are
confirmed. Decline in enhancing potential of moisture on CO2 adsorption with raising
CO2 partial pressure is noticed. A severe energy penalty in the sorbent regeneration
process is expected based on the order of magnitude of water adsorption found. This
motivates research focused on measures that allow limiting the drawbacks resulting from
H2O co-adsorption-based phenomena in process design.

With regard to a possible large-scale application, process relevant thermophysical
properties of the sorbent are investigated. High thermal stability and low heat capacity
found are favorable for TSA applications. Good flowability and mechanical stability
seem beneficial for realization of innovative moving bed adsorber concepts.

This chapter is structured as follows:

Section 3.1 State of the art
gives a brief overview of the current state of research with respect to DAC sorbents.
Particular attention is paid to the class of supported amine sorbents and, within this, to
Lewatit VP OC 1065.

Section 3.2 Adsorption properties of the sorbent
is dedicated to the analysis of adsorption properties of the sorbent. In addition to CO2

adsorption, H2O co-adsorption and its influence on CO2 adsorption is investigated.

Section 3.3 Additional properties of the sorbent
summarizes the findings of additional experiments that investigate properties of the sor-
bent relevant for large-scale use.

Section 3.4 Summary and conclusion
recapitulates the findings of this chapter. Applicability of the sorbent in innovative ad-
sorber concepts (Chapter 4) is confirmed and research of measures to counteract excess
H2O co-desorption (Chapter 5) is motivated.



3.1 State of the art

3.1 State of the art

Section 3.1.1 gives a brief overview of the research performed with regard to DAC sorbents.
Supported amine sorbents (SAS ) are revealed to be most promising. Focusing on this class
of sorbents, Section 3.1.2 summarizes the current state of knowledge with regard to the
interactions between SAS , CO2 and H2O. Use of the commercially available ion exchange
resin Lewatit VP OC 1065 as reference sorbent is motivated (Section 3.1.3).

3.1.1 Sorbents for DAC

Due to the increasing interest in large-scale DAC applications, considerable efforts have
been undertaken in recent decades to research suitable sorbents.38,67,131 In this respect,
ideal sorbent properties might be summarized as follows: high capacity, selectivity and fast
kinetics of CO2 uptake, easy regeneration, low specific heat capacity and high stability.132

Focusing on a simple, not energy intensive regeneration of the sorbent, one would like to
use sorbents that bind CO2 by physical interactions rather than chemical bonds. However,
reasoned in the low partial pressure of CO2 in ambient air, physisorbent materials as
zeolites, activated carbon or metal-organic frameworks (MOF s), developed for point source
capture,133–135 in general offer very low CO2 capacity and selectivity under air capture
conditions.67 Consequently, current research focuses on chemisorbent materials that have
shown superior capture characteristics in DAC applications.110

From the class of chemiesorbents, liquid or solid materials might be used. As discussed
in Section 2.2.4 current research focuses on solid sorbents. These offer besides other
beneficial characteristics a reduced energy demand in thermal regeneration processes136,137

attributed to lower specific heat capacities125, higher working capacities125, higher CO2

uptake rates supported by high surface to volume ratios of the porous material,99 high
chemical stability67 and the avoidance of strong corrosive solutions99 as well as of liquid
entrainment in the air flow99,125,137. Thus, this work focuses on the application of solid
sorbents and only a brief summary of the current state of liquid DAC sorbents is given
in Appendix A.1.

A significant variety of solid sorbents has been developed and tested, which can mainly
be assigned to the classes of solid alkali carbonates and organic – inorganic hybrid sor-
bents.67 Within the first class named, one may differentiate between bulk alkali carbon-
ates and supported alkali carbonates. The group bulk alkali carbonates essentially covers
pure solid inorganic bases. These sorbents are mainly investigated by Steinfelder and
coworkers that research Ca-90,138 and Na-based139 capture concepts. Among those one
may name solar reactor approaches90,140 proposed to provide heat at high temperatures
required for sorbent regeneration. Besides, various studies aim for a realization of sup-
ported alkali carbonates, e.g., by immobilization of alkaline solutions67,141 or of alkali
metal sorbents67,142–144 in porous supports. Offering adsorption capacities in the order
of magnitude of 1 mol kg−1 at ambient CO2 concentrations, these sorbents seem to be
a promising alternative for air capture applications.67,142 However, comparatively high
regeneration temperatures ranging 100 – 350 °C are required.67,142,144,145 This seems to be
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a severe drawback with respect to a possible use of low-temperature waste heat in the
regeneration process.

Currently most researched DAC sorbents belong to the class of organic – inorganic
hybrid materials. The amine – CO2 interactions, on which sorbents of this class are based,
are well known for their superior CO2 capture characteristics, e.g., from amine scrubbers
used in flue gas capture. Different approaches to solid-based supported amine sorbents
(SAS )137 are investigated that might be assigned to the categories67:

1. Amines impregnated on porous supports146–148

2. Amines covalently bound to porous supports122,149,150

3. Solid sorbents, realized by polymerization of amine-based monomers96,151,152

4. Combinations of classes one and two153–155

High maximum CO2 capacities of more than 2 mol kg−1 can be reached with these sorbents
under ambient conditions.67 The strong amine – CO2 bond formed allows for a highly
selective capture process.67 Moreover, a comparatively low heat of CO2 adsorption (40 –
90 kJ mol−1),137,156,157 as well as mild desorption temperatures (100 – 150 °C)137,158 seem
beneficial with respect to an energy efficient sorbent regeneration. However, especially
the strong interactions of this class of sorbents with water vapor opens up the potential
for intensive research and optimization.67 Recognizing the superior potential of SAS for
DAC applications,67 in this contribution a SAS will be used as reference sorbent.

3.1.2 Adsorption mechanism of CO2 and H2O on SAS

The amine efficiency ηAmi,CO2 is of great importance in the context of SAS . It is defined
as the molar ratio between CO2 chemically bound to an amine moiety and the amount of
all amine moieties in the sorbent. Primary, secondary and tertiary amine moieties can be
present. This opens up a variety of possible reaction mechanisms that can take influence
on the maximum amine efficiency and, thus, on the upper limit of CO2 loading.

In reactions of CO2 with primary and secondary amines formation of a zwitterion

CO2 + R1R2NH
 R1R2NH+COO− (3.I)

is observed that is deprotonated by a base (B)

R1R2NH+COO− + B
 R1R2NCOO− + BH+ (3.II)

forming the carbamate species. Under dry air capture conditions the base (B) needs to
be another amine moiety. This results in a maximum amine efficiency of 0.5.67,157,159–161

Tertiary amine moieties only react with CO2 in the presence of protic species. To be
more specific with respect to DAC applications, under humid conditions formation of
bicarbonate

CO2 + R1R2R3N + H2O
 R1R2R3NH+HCO−3 (3.III)
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and carbonate

CO2 + R1R2R3N + H2O + B
 R1R2R3NH+CO2−
3 + BH+ (3.IV)

become possible reaction paths for primary, secondary and tertiary amines.67,157,160 Thus,
primary and secondary amines allow for CO2 to bind in three different ways. Under humid
conditions first formation of carbamates is observed that are subsequently converted to
carbonates and bicarbonates.160 Moreover, analysis of (3.I) - (3.IV) with respect to the
amine efficiency reveals that under humid conditions this indicator can take a value of 1.
In other words, SAS can benefit from moisture content in ambient air. In the limiting
case this can lead to a doubling of the amine efficiency.67,157,160 More detailed insight into
the influence of moisture on SAS is given in Section 3.2.3.

Also the kinetics and heats of adsorption become of great importance for the design
of DAC units. Heats of reaction of SAS and CO2 decrease from primary to tertiary
amines.157 Reaction kinetics show a similar trend, with primary amines offering the high-
est CO2 uptake rates.157 Consequently, trade-off considerations between the regeneration
energy required and kinetics provided will arise in the selection of the type of amine
moiety.

3.1.3 Lewatit VP OC 1065

The commercially available ion exchange resin Lewatit VP OC 1065,162 hereafter Lewatit,
from Lanxess is selected as reference sorbent. Being a divinylbenzene cross-linked poly-
mer, it can be classified as a SAS of category two with primary amine moiety (Figure 3.1).
Various studies137,157,163–168 on this sorbent are published. As expected based on its clas-
sification, good adsorption properties, especially at CO2 levels relevant for point source
capture, are confirmed. These motivate research into applicability of Lewatit as DAC
sorbent.

NH2

n

Figure 3.1: Amine repeat unit of Lewatit , a class two SAS with primary amine moiety.163

A detailed literature review reveals that information relevant for DAC application,
e.g., capacities at low CO2 pressure levels or analysis of humidity influence on the capture
process, is sparsely published.137,157,163 In general, large deviations between the data avail-
able on this sorbent are observed. The experimental results presented in this contribution
help closing these gaps. Insights into the adsorption isotherms of CO2 over a broad tem-
perature (30 – 100 °C) and CO2 partial pressure range (10 Pa – 20 kPa) are provided and
the influence of humidity on CO2 adsorption is analyzed in detail.
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3.2 Adsorption properties of the sorbent

After providing a brief insight into the experimental methods used (Section 3.2.1), ad-
sorption properties of the sorbent under dry (Section 3.2.2) and humid conditions (Sec-
tion 3.2.3) are discussed.

3.2.1 Materials and methods

Adsorption properties of sorbents are commonly explored by means of breakthrough
curve (BTC , Section 3.2.1.1) experiments or thermogravimetric analysis (TGA, Sec-
tion 3.2.1.2).67 An investigation of the strengths and of the weaknesses of these methods
(Appendix A.2) indicates use of BTC to be beneficial if CO2 partial pressures are in Pa-
range, whereas application of TGA seems favorable if CO2 partial pressures take values
in kPa-range.

3.2.1.1 Breakthrough curve experiments (BTC)

In this section the basic concept of BTC experiments and its experimental realization
within the framework of this contribution is summarized.

Theory of BTC Breakthrough curve experiments allow for indirect determination of
the sorbent loading qiSpe

by use of time-resolved information of the mole flow of a specie
before (ṅAdsin,G,iSpe

) and after (ṅAdsout,G,iSpe
) an adsorber unit that contains a defined mass

of unloaded sorbent (mSor). Figure 3.2 visualizes the basic measurement principle for
an illustrative BTC experiment in which the residence time distribution and change in
the overall gas flow by adsorption is of negligible influence. In an ideal setting, infinitely
small initial breakthrough at the adsorber outlet is expected as response to an ideal
step signal at the adsorber inlet from zero to the isotherm reference concentration of the
sorptive. This is reasoned in the nearly complete removal of this specie by adsorption
on the regenerated sorbent. However, over time the sorbent becomes saturated, i.e., it
approaches its equilibrium loading with the gas phase flowing through the adsorber. Thus,
the difference between the concentration of the sorptive measured at the inlet and outlet
of the adsorber converges to zero and the BTC experiment can be stopped.

The sorbent loading can be determined by evaluation of the law of mass conservation

qiSpe
=

1

mSor

·
∫ tfin

tsta

ṅAdsin,G,iSpe
− ṅAdsout,G,iSpe

dt . (3.1)

If a defined mole flow of an inert carrier gas (ṅAds,G,Ine) is used, in situ determination of the
sorptive mole fraction allows for indirect determination of the sorbent loading. Moreover,
the shape of the breakthrough curve will depend on the adsorption isotherms, adsorption
kinetics and operation conditions.127 Thus, kinetic information can be extracted from BTC
by fitting the temporal evolution of the specie’s mole flow to thermophysical models.
The reader is referred to Appendix A.3.2 and A.3.6 for more detailed information on
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Figure 3.2: Basic measurement principle of a BTC experiment. The sorbent loading is determined
by analysis of the streams at the adsorber inlet (ṅAdsin,G) and outlet (ṅAdsout,G). These contain
mole fractions yAdsin,G,iSpe and yAdsout,G,iSpe , respectively, of the specie to be adsorbed. For the
simplified case of a negligible influence of the residence time distribution and of the change in the
overall gas stream, the sorbent loading qiSpe

becomes proportional to the gray shaded area.

the evaluation of breakthrough curves and on the analysis of adsorption kinetics, which
besides others take into account non-constant gas flow and residence time corrections.

Experimental setting Figure 3.3 shows the simplified flow diagram of the experimen-
tal setup realized in laboratory-scale. Here, a brief description is provided, whereas for
more detailed insight the reader is referred to Appendix A.3.1. Automated plant control
is realized via Labview user interface.169 This allows recording of high resolution mea-
surements (sample interval of less than 2 s) of temperature and pressure throughout the
plant and inside the adsorber bed, as well as precise control of gas phase volume flows via
thermal mass flow controllers from Bronkhorst (EL-Flow).170 Sorbent bed temperature
control is realized by thermo oil flowing through the adsorber heating jacket (Figure A.3),
to ensure isothermal conditions (Appendix A.3.4) during the recording of breakthrough
curves. For CO2 adsorption these are measured via two infrared devices, URAS26 EL3020
from ABB,171 which allow for in situ determination of the CO2 content at the adsorber
outlet in the range 0 – 500 pmm (IR-1) and 0 – 40 % (IR-2). Moreover, capacitive polymer
humidity sensors (TFS 0100 E ) from GHM Messtechnik GmbH 172 installed before and
after the adsorber are used to record H2O breakthrough curves. Humidification of the gas
phase is realized by dispersing the gas flow in a tempered vessel of liquid water.

Experimental procedure A typical fill of the adsorber consists of 5 g air dried
Lewatit162 (Table 3.4) and 75 g glass beads (0.5 mm)173 (Table A.1). TGA experiments
(Section 3.2.1.2) are performed with a sample of the sorbent each time the fill is changed
to determine the mass of unloaded sorbent used. Mass losses attributed to desorption of
species bound in the order of magnitude of 15 % are typically found. Breakthrough curves
are recorded after sorbent regeneration under nitrogen flow of ca. 1.5 Nl min−1 at 100 °C.
Desorption is assumed to be complete if the humidity level falls below the resolution limit
and IR-1 detects carbon dioxide contents of less than 1 ppm, which is typically achieved
after 2 – 2.5 h desorption time. After cooling to adsorption temperature, the gas flow is
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Figure 3.3: Simplified flow diagram of the experimental setup build for the realization of BTC
experiments on a laboratory-scale. A more detailed flow sheet is provided in Figure A.1. Materials
and equipment used are summarized in Table A.1.

switched to the gas with defined CO2 content to start the adsorption experiment. Mea-
surements are stopped if the change in CO2 content detected at the adsorber outlet is ob-
served to become small compared to influences of fluctuations observed (Appendix A.3.2).
This can take more than 10 h in dependence of the experimental conditions set.

If water breakthrough experiments or co-adsorption measurements are to be performed,
instead or before switching to CO2 gas mixtures, the nitrogen flow is passed through the
humidifier to saturate the sorbent with water. The saturation state is indicated by a
plateau formation of the humidity data measured (Appendix A.3.2.3), typically reached
after 1 – 1.5 h. In co-adsorption measurements, the sorbent is first presaturated with
water. Afterwards the gas flowing through the humidifier is switched to the gas mixture
of interest and the CO2 adsorption measurement starts.

3.2.1.2 Thermogravimetric analysis (TGA)

In this section the measuring principle of TGA experiments and the experimental setting
used is briefly outlined. For more detailed insight the reader is referred to Appendix A.4.
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Figure 3.4: Basic measuring principle and experimental setting of TGA experiments. The change of
the sample mass ∆msam (-) and of the temperature TTGA (- -) in dependence of time t is recorded.
The different segments: (S1) heating of the sample, (S2) desorption at constant temperature, (S3)
cooling to adsorption temperature and (S4) adsorption are shown. Materials and equipment used
are summarized in Table A.13.

Theory of TGA TGA experiments aim for determination of the sorbent loading by
direct measurement of changes in sample mass. Figure 3.4 visualizes the basic measuring
principle. The sorbent is exposed to a defined gas atmosphere in a temperature controlled
high precision scale. In segment 1 temperature is increased to desorption level under inert
gas (N2) flow. This results in desorption of species bound to the sorbent, which proceeds
in segment 2 at constant temperature. Decreasing the temperature to adsorption level
(segment 3), the sorbent is prepared for the adsorption experiment that is induced by
switch of the gas phase atmosphere (segment 4). The weight of the pure sorbent is
recalculated from the sample mass initially filled in the crucible and its weight change
between the start of the experiment and end of the desorption phase. The mass of the
components adsorbed is given by the weight change of the sample during segment 4.

Experimental setting The flow sheet of the experimental setting is presented in Fig-
ure 3.4. TGA device TG 409 C/3/E from Netzsch174 is used. Flow of gas is manually
adjusted by a three-way valve and by a float-type flow meter with needle valve175 from
ABB. For more detailed information the reader is referred to Appendix A.4.1.

Experimental procedure A sample mass of ca. 40 mg air dried Lewatit is filled in the
solid Al2O3 sample carrier. Desorption under N2 flow of ca. 93 Nml min−1 is realized by
raising the temperature to 100 °C. Selecting the length of segment 1 and 2 to be at least
8 h, steady state conditions at the end of segment 2 are ensured. Similarly, the minimum
duration of segment 3 is selected to be 8 h. Thus, typically after 16 h the gas phase is
switched to the test gas of similar volume flow and the weight change of the sample is
recorded for up to 6.5 h to guarantee steady state conditions (Appendix A.4.3) at the end
of segment 4. Also a shorter test program with a duration of 7 h 40 min (segment 1 and
2: 5 h 30 min) is implemented to investigate the mass of the regenerated sorbent, without
the need of overnight experiments.

39



3 Characterization of the sorbent

3.2.2 Adsorption properties under dry conditions

In this section the isotherm data (Section 3.2.2.1), heats (Section 3.2.2.2) and kinetics
(Section 3.2.2.3) of CO2 adsorption on Lewatit under dry conditions are evaluated.

3.2.2.1 Isotherm data

Figure 3.5 visualizes the isotherm data experimentally determined. A comparatively
smooth evolution of the CO2 loading with temperature and pressure is observed that
might be interpreted as a first indicator for the validity of the data set. Monotonic increase
of qeql,CO2 with increasing pCO2 or decreasing Tads is expected. Only TGA experiments
in the low-temperature region at high CO2 pressures show slight deviations from this
trend. With regard to the literature data presented, a comparatively good agreement
between the equilibrium loadings determined in this work and the values observed by other
research groups is noticed. In general, the equilibrium loadings published by Brilman and
coworkers137,157,167 exceed the values found in this work and by Sonnleitner et al.166. In
this respect, larger deviations are especially noticed at high temperature levels.
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(b) Isotherm data at kPa-level
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(c) Parity plot

Figure 3.5: CO2 equilibrium loading qeql,CO2 on Lewatit for the temperatures 30 °C (∗), 40 °C (◦),
60 °C (�), 80 °C (�) and 100 °C (+) determined for CO2 partial pressures pCO2 corresponding to
CO2 mole fractions yCO2

in the range of (a) 100 – 400 ppm and of (b) 1 – 20 %, at a total pressure of
105 Pa. Evolution of the isotherms predicted by Toth model, fitted to the experimental results from
BTC and TGA experiments of this work (model 6, Table 3.1), is visualized by solid lines (-) for the
corresponding temperatures. For validation purpose data from literature sources at kPa-level are
shown in shades of gray in (b): Sonnleitner et al.166 (•), Sutanto et al.167 (•). Isotherm data given for
95 °C by Sonnleitner et al.166 are visualized by gray triangles (H). Moreover, isotherm data at a CO2

partial pressure of 40 Pa and temperatures of 25 °C (N) and 35 °C (H) published by Veneman et al.137

are depicted in (a). Error bars for experimental data are derived from error propagation studies
summarized in Appendix A.3.7.1 and A.4.7. A comparison between the experimentally determined
and predicted CO2 loadings, qeql,CO2,exp and qeql,CO2,sim, respectively, is given in (c).

Data fitting to theoretically derived adsorption isotherm models is performed. Toth
isotherm model176,177

qeql,CO2 =
qmax,Tot · bTot · pCO2(

1 + (bTot · pCO2)tTot
) 1
tTot

(3.2a)

qmax,Tot =qmax,0,Tot · exp

(
χTot ·

(
1− T

T0,Tot

))
(3.2b)
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3.2 Adsorption properties of the sorbent

Table 3.1: Toth isotherm parameter sets given in the literature and determined via model fitting to
the experimental data recorded. Besides the parameter sets determined based on TGA and BTC
data from this work, results of additional parameter fitting based on BTC data from this work and
data provided by Sutanto et al.167 for CO2 shares larger than 1 kPa are presented. Coefficients of
determination R2 indicate good accuracy of the data fit.

Research group TU Wien University of Twente TU Dortmund University

Sonnleitner Veneman Sutanto This work This work

et al.166 et al.137,157 et al.167 Literature167

Model no. 1 2 3 4 5 6 7

p-level kPa kPa kPa Pa kPa Pa – kPa Pa – kPa

T-level /°C 40 – 102 30 – 100 30 – 130 30 – 100 30 – 100 30 – 100 30 – 130

Method BTC /TGA TGA TGA BTC TGA BTC /TGA BTC /TGA

T0,Tot /K 343.00 353.00 353.00 353.00 353.00 353.00 353.00

qmax,0,Tot /mol kg−1 3.13 3.40 3.70 3.22 3.20 2.92 2.92

χTot /- 0.00 0.00 0.00 0.00 0.00 0.00 0.00

b0,Tot /10−5 Pa−1 282.00 408.84 188.60 19.60 21.79 27.41 37.81

∆h0,Tot /kJ mol−1 106.00 86.70 111.00 107.76 102.38 107.88 97.30

t0,Tot /- 0.34 0.30 0.30 0.50 0.46 0.46 0.50

α0,Tot /- 0.42 0.14 0.5 0.73 0.73 0.62 0.73

R2 /- − − − 0.9996 0.9965 0.9968 0.9946

bTot =b0,Tot · exp

(
∆h0,Tot

Rid · T0,Tot

·
(
T0,Tot

T
− 1

))
(3.2c)

tTot =t0,Tot + α0,Tot ·
(

1− T0,Tot

T

)
(3.2d)

is commonly used for the description of CO2 adsorption on Lewatit.137,157,166,167 Being an
empirical modification of the well-known Langmuir isotherm model,176 this model allows
to describe inhomogeneities of the adsorption side by introduction of an additional pa-
rameter tTot. For tTot = 1 this model equals the Langmuir formulation. Including the
maximum loading qmax,Tot and adsorption affinity bTot, in total three physical motivated
parameters are used in the Toth model, which can be expressed as functions of tempera-
ture, using common exponential (3.2b) - (3.2c) or linear (3.2d) approaches related to the
reference state T0,Tot. Overall, this results in a set of 6 fitting parameters, from which in
particular the adsorption enthalpy at zero loading ∆h0,Tot is of interest.176,177

Parameter sets obtained via data fitting in Matlab®178 (Appendix A.5) are summarized
in Table 3.1. Besides the parameter set that describes the whole range of experimental
data, also fits for the Pa- and kPa-level subsets are presented. Coefficients of determi-
nation R2 close to one indicate good match of experimental data and isotherm models.
Reasoned in the high number of parameters to be fitted to different data sets, no exact
match of the parameter sets shown is expected. Nevertheless, general thermophysical ten-
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3 Characterization of the sorbent

dencies, e.g., high values of bTot that indicate high affinity of Lewatit for CO2 adsorption
can be confirmed. Moreover, with exception of the data set given by Veneman et al.137,157,
∆h0,Tot takes values in the order of magnitude of 100 kJ mol−1. These compare well with
the heat of CO2 adsorption found for primary amine-based solid sorbents.179 Also the
maximum CO2 loading qmax,0,Tot seems to be in a physically sound region throughout the
studies. It is in good accordance with maximum amine loadings experimentally deter-
mined. Alesi et al.163 calculated amine loadings of 7.5 mol kg−1 based on energy-dispersive
X-ray spectroscopy (EDS ) experiments and concluded the maximum quantity of amine
groups available for adsorption to be in the order of magnitude of 6.7 mol kg−1, reasoned
in the consideration that 8 – 10 wt % of the resin is cross-linked. Thus, based on the reac-
tion mechanism for dry CO2 adsorption (Section 3.1.2), maximum CO2 loadings of about
3.4 mol kg−1 are to be expected.

As visualized in Figure 3.5 the Toth isotherm parameter set derived in this work is able
to capture the characteristics of CO2 adsorption with high accuracy. Even more accurate
predictions in the ranges investigated might be reached by separate data fitting to the
corresponding subsets (Figure A.8). However, it is intended to capture CO2 under ambient
conditions, i.e., at partial pressures in the order of magnitude of 40 Pa (Figure 1.1(a)),
and reach CO2 shares at %-level in the desorption step that operates at pressure levels
close to 105 Pa. Thus, isotherm parameters that are derived from simultaneous data
fit to both regions of interest are required in the subsequent process studies. In this
respect, the comparatively low slope of the adsorption isotherm modeled in the high-
temperature region, i.e., at 100 °C, becomes of special interest for DAC operation. Here,
minor variations in CO2 loading are associated with more significant changes in the partial
pressure of carbon dioxide achievable in the DAC product gas. As already mentioned,
the equilibrium loadings experimentally determined by Brilman and coworkers137,157,167

in general take higher values compared to the other data sets available. An isotherm fit
(Figure A.8) to a data set that incorporates TGA data provided by this research group167

for CO2 partial pressures at kPa-level and BTC measurements obtained in this work
results in the worst case isotherm model 7 (Table 3.1) to be used in process analysis.

3.2.2.2 Heat of CO2 adsorption

With the isotherm data at hand, the isosteric heat of adsorption can be calculated using
Clausius-Clapeyron equation

∆hads,ispe

(
qeql,ispe , T

)
= Rid ·

∂ ln pispe

∂ 1
T

∣∣∣∣
qeql,ispe

(3.3)

under the assumption of ideal gas behavior and negligible adsorbed phase vol-
ume.167,180 The results of this evaluation are visualized in Figure 3.6. Decline of
−∆hads,CO2 (qeql,CO2 , T) with decreasing temperature or increasing CO2 loading is
observed. This is in line with the findings of Sutanto et al.167. Comparison of the
models evaluated indicates small differences in the heat of adsorption predicted that
reflect minor variations in the slope of the adsorption isotherms and motivate a more
detailed experimental analysis of the heat of adsorption. With absolute values ranging
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Figure 3.6: Dependency of the isosteric heat of adsorption ∆hads,CO2
on the CO2 loading qeql,CO2

for temperatures of 25 (-), 50 (- -), 75 (- ·) and 100 °C (· ·) based on the evaluation of adsorption
isotherms by means of Clausius-Clapeyron equation (3.3). Isotherm models derived from (a) BTC
and TGA data of this work as well as from (b) BTC data of this work and TGA data of Sutanto
et al.167 are investigated. The heat of adsorption at zero loading ∆h0,Tot is denoted by a star (∗).

65 – 110 kJ mol−1, the isosteric heats of adsorption are in the typical range of heats of
CO2 adsorption on amine groups.137,156,157 Their order of magnitude clearly indicates
chemisorption to be the dominating mechanism.166,179

3.2.2.3 Adsorption kinetics

Kinetic information of the adsorption process are determined via model-based para-
meter fitting in Matlab®178. Within these models (BTC (Appendix A.3.6), TGA (Ap-
pendix A.4.6)), kinetics of the adsorption process are described based on the approach

dqCO2

dt
= kdf,ads,CO2 · (qeql,CO2 − qCO2)nord , (3.4)

which depends on the two parameters kdf,ads,CO2 and nord. As indicated by the examples
provided in Figure 3.7, a good match between the experimentally obtained data and
simulation is reached. Hereafter only a brief summary of the kinetic analysis will be
given. For a detailed insight the reader is referred to Appendix A.3.6.4 and A.4.6.2.

Results received in the analysis of BTC experiments (Appendix A.3.6.4) reveal good
applicability of the linear driving force model, i.e., nord = 1. In accordance with the
study of Bos et al.164, kinetic coefficients determined (Table A.6) well match predictions
based on the assumption of mass transfer limitation by molecular and Knudsen diffusion
(Tables A.8 and A.9). The contribution of the latter mechanism is found to lie in the order
of magnitude of 86 %. Arrhenius-type evaluation of kdf,ads,CO2 (Figure A.5(a), Table A.7)
indicates strong dependency of kdf,ads,CO2 on operation temperature. Activation energies of
about 65 kJ mol−1 suggest strong influence of the adsorption isotherm slope on kdf,ads,CO2 ,
which is in line with theoretical expectations (Appendix A.3.6.2).
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Figure 3.7: Kinetic fit to BTC and TGA data. Experimentally determined (•) and simulated (-)
state variable profiles, i.e., (a) CO2 mole fraction yAdsout,G,CO2

at adsorber outlet in BTC experi-
ments and (b) sample mass change ∆msam with reference to the end of segment S3. Measurements
at (a) Texp,asp = 40 °C / pCO2,exp,asp = 20 Pa and (b) Texp,asp = 60 °C / pCO2,exp,asp = 1 kPa are eval-
uated exemplarily. The time interval from the start of the experiment (a), or the start of the CO2

supply (b), to the equilibrium time is shown.

Increase of nord with CO2 partial pressure from levels of 1 up to 2.4 is noticed in the
evaluation of TGA experiments (Figures A.6 and A.7, Table A.16). Presence of higher
orders of the driving force term164,181 suggests increasing influence of chemisorption on the
overall adsorption kinetics.182 In line with this observation, activation energies of about
35 kJ mol−1 derived from Arrhenius-type evaluation (Figure A.7, Table A.18) are in the
typical range (15 – 38 kJ mol−1)164,183,184 expected for amine – CO2 reactions.

3.2.3 Adsorption properties under humid conditions

As air capture concepts are bound to operate under near ambient conditions (Section 2.2),
the sorbent selected needs to be stable against moisture. Amine-based sorbents can meet
this requirement. For various sorbents even a promoting effect of moisture on CO2 adsorp-
tion, reasoned in different reaction mechanisms available (Section 3.1.2), is found.67,157,160

As the presence of water significantly increases the degrees of freedom of the adsorption
system, this phenomenon is intensively researched.67,137,185–188 However, the interactions
between CO2, H2O and the amine are complex, e.g., amine surface coverage is observed
to influence possible interactions.185 Consequently, the effect of water on CO2 capacity
is found to be very diverse.186 Increase of the amine efficiency ranges from less than
20 %186,189 to levels close to 100 %190, but also declines of this variable under humid con-
ditions have been documented.186,189

An estimation of the humidity influence on the adsorption process based on theoretical
concepts or on extrapolation of data available for similar sorbents seems hardly possible
due to the complex interactions of water in the reaction system. Similarly, determination
of a detailed, theoretically profound mechanistic insight into the co-adsorption process
is beyond the scope of this work and not target-oriented with respect to its objectives.
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3.2 Adsorption properties of the sorbent

However, besides its possible influence on the adsorption process, water co-adsorption
can have a severe influence on the process energy balance and design (Chapters 5 and
6). Consequently, a basic investigation of this phenomenon that includes the analysis of
single component water adsorption (Section 3.2.3.1) and CO2 adsorption under humid
conditions (Section 3.2.3.2) is required. Moreover, a discussion on the determination of
kinetic parameters is given in Appendix A.3.6.5.

3.2.3.1 Single component adsorption of H2O

In this section, the adsorption properties of water on Lewatit including the equilibrium
loading, isosteric heat and kinetics of the adsorption process are summarized.

Equilibrium loading In line with the findings of Veneman et al.137 experimental data
visualized in Figure 3.8(a) indicate that the influence of temperature and partial pressure
on H2O adsorption on Lewatit can in good accordance be described as a function of the
lumped variable relative humidity φrh. Basic BET (Brunauer, Emmett, Teller) model191

qeql,H2O

qeql,H2O,mon

=
cBET · φrh

(1− φrh) · (1 + (cBET − 1) · φrh)
(3.5)

is investigated. Among others, this model is based on the assumption that multilayer
adsorption is possible in an infinite number of layers, with the adsorption enthalpy from
the second layer onwards being equal to the heat of condensation. Good accuracy of
the data fit (Appendix A.5) is reached (Table 3.2). However, the intrinsic limitation of
convergence of qeql,H2O to infinity with increasing relative humidity motivates investigation
of extended versions of this model. Introduction of a finite number of adsorption layers

qeql,H2O

qeql,H2O,mon

=
cBET · φrh

1− φrh

· 1− (nBET + 1) · φnBET
rh + nBET · φnBET+1

rh

1 + (cBET − 1) · φrh − cBET · φnBET+1
rh

(3.6)

results in a 3-parameter isotherm model (n-BET model).177,191 Besides the maximum
number of layers nBET, also the parameter cBET, which resembles the affinity between
sorbent and sorptive, and the monolayer loading qeql,H2O,mon are physically motivated. On
the other hand, extension of BET isotherm approach by an additional parameter KGAB

that accounts for differences in the energy state of molecules bound in the multilayer
compared to the free bulk liquid is taken into account.192,193 The resulting equation

qeql,H2O

qeql,H2O,mon

=
cBET ·KGAB · φrh

(1−KGAB · φrh) · (1 + (cBET − 1) ·KGAB · φrh)
(3.7)

is commonly known as the GAB (Guggenheim, Anderson, de Boer) isotherm model.193

Coefficients of determination summarized in Table 3.2 indicate good agreement between
the experimental and simulated results, which is underlined by parity plot visualization
(Figures 3.8(b) and A.9). Even if the isotherm models are only fitted to the experimental
results obtained in this work, a comparison with the experimental data published by
Veneman et al.157 indicates that the n-BET and GAB model determined might allow for
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extrapolation to high humidity levels not captured by the experimental investigations
in this work. This motivates thermophysical interpretation of the isotherm parameters
summarized in Table 3.2.

Monolayer loadings determined vary between the isotherm models, which can be at-
tributed to the not very pronounced plateau formation in the loading profile experimen-
tally determined. This is in line with the order of magnitude of cBET. Values higher,
but close to one indicate that the state of molecules in the monolayer differs only slightly
from that of the molecules adsorbed in the multilayer.193 On the other hand, values of
KGAB smaller than one indicate the multilayer to be more structured than the bulk liquid.
Here, the magnitude of KGAB found suggests minor differences between molecules present
in multilayer or bulk liquid.193

Table 3.2: Isotherm data for H2O adsorption on Lewatit determined based on model fit (Ap-
pendix A.5) of the experimental data obtained in this work (Table A.5).

Model qeql,H2O,mon cBET nBET KGAB R2

/mol kg−1 /- /- /- /-

BET 2.45 3.97 − − 0.975
n-BET 2.81 2.75 8.53 − 0.983
GAB 4.01 2.12 − 0.82 0.982

Overall, the investigation performed indicates that the water adsorbed behaves in good
accordance like bulk liquid. In analogy to the carbon dioxide loading, the experimental
data presented are lower than the measurements taken by Veneman et al.137. However,
the differences between the data sets are minor, especially with respect to the main
conclusion drawn from a comparison of the H2O with the CO2 loadings. This is, under
ambient conditions qeql,H2O will even at moderate relative humidity by far exceed qeql,CO2 .

Isosteric heat of adsorption In line with findings published in the literature137, the
isosteric heat of H2O adsorption on Lewatit calculated by Clausius-Clapeyron equation
(3.3) compares well with the heat of H2O evaporation and shows independence of sorbent
loading. This does not come by surprise, as in the modeling approach used the sorbent
loading is described as a function of relative humidity that incorporates phase change
information of H2O.

3.2.3.2 Influence of moisture on CO2 adsorption

In line with the expectations based on the general mechanism of CO2 adsorption (Sec-
tion 3.1.2), the results summarized in Figure 3.9 indicate that presence of moisture can
have a significant promoting influence on the CO2 capacity of Lewatit . Despite the aspect
that moisture is well known to influence CO2 adsorption on amine-based solid sorbents
(Section 3.1), a lack of profound co-adsorption models seems to exist in the current liter-
ature.194 Consequently, basic empirical approaches that, e.g., correlate the CO2 capacity
under humid conditions to the one obtained in the absence of moisture

qeql,CO2,wet (pCO2 , T, φrh) = φqeql,CO2
,wet,dry (pCO2 , φrh) · qeql,CO2,dry (pCO2 , T) (3.8)
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(b) Parity plot for n-BET model

Figure 3.8: (a) Isotherm data for H2O adsorption on Lewatit . To reduce the parameter set the
influence of temperature and H2O partial pressure on the sorbent loading qeql,H2O is described in
dependence of the single, lumped variable relative humidity φrh. Sorbent loadings for different
levels of relative humidity are measured at temperatures of ca. 25 (∗), 30 (◦) and 45 °C (�). For
validation purpose, data determined by Veneman et al.137 (H) are shown. Experimental data are
summarized in Table A.5. Error bars for experimental data are derived from error propagation
studies outlined in Appendix A.3.7.2. Isotherm evolution predicted based on BET (· ·), n-BET (-)
and GAB model (- -) is visualized in (a). (b) Parity plot visualization of data prediction with
n-BET isotherm model.

are investigated.194 Motivated by these approaches, extension of the isotherm model by a
factor φqeql,CO2

,wet,dry that in general form reads

φqeql,CO2
,wet,dry = 1 + φrh · (cwet,φrh

· φnord,wet,φrh
−1

rh + cwet,pCO2
· p

nord,wet,pCO2
CO2

) (3.9)

is proposed in this contribution.

Results of the data fit (Appendix A.5) are summarized in Table 3.3. Coefficients of
determination as well as parity plot visualization (Figure 3.9(b)) indicate high accuracy
of the data fit. Promoting influence of moisture on CO2 capacity is confirmed for all
measurements taken. Decline in sensitivity toward relative humidity with increasing CO2

loading is noticed. Increase in CO2 partial pressure seems to reduce the promoting effect
of water co-adsorption, which has also been observed by other authors for amine-based
sorbents.194 Overall, this leads to the observation that only at comparatively low par-
tial pressures and high levels of relative humidity factor φqeql,CO2

,wet,dry approaches the
theoretical limit of two (Section 3.1.2).

Table 3.3: Results of the data fit (Appendix A.5) for CO2 adsorption on Lewatit under humid
conditions based on (3.8) and (3.9). Experimental data are summarized in Table A.4.

cwet,φrh
nord,wet,φrh

cwet,pCO2
nord,wet,pCO2

R2

/- /- /Pa−nord,wet,pCO2 /- /-

0.87 0.55 38.98 -1.66 0.998
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Figure 3.9: CO2 adsorption on Lewatit under humid conditions at a temperature of ca. 30 °C. (a)
Evolution of sorbent loading qeql,CO2,wet with CO2 partial pressure pCO2 . Besides sorbent loadings
under dry conditions (∗), experimental data obtained at ca. 25 (◦) and 50 % (�) relative humidity
are shown. Additionally, the simulated evolution of the CO2 loading is depicted for 0 (-), 25
(- -) and 50 % (- ·) relative humidity. (b) Comparison of experimentally determined and simulated
CO2 loadings, qeql,CO2,wet,exp and qeql,CO2,wet,sim, respectively. (c) Experimentally determined and
simulated evolution of factor φqeql,CO2

,wet,dry with relative humidity φrh for CO2 partial pressures
of ca. 10 (∗/-), 20 (◦/- -), 30 (�/- ·) and 40 Pa (�/· ·). Simulation results are based on dry CO2

isotherm model 4 (Table 3.1) extended by (3.8) and (3.9). Here, the parameter set summarized in
Table 3.3 is used. Derivation of error bars for experimental data is outlined in Appendix A.3.7.3.

The order of magnitude of the exponents nord,wet,φrh
and nord,wet,pCO2

obtained in the
data fitting seems not to lie in a physically unsound region with regard to an underlying
intrinsic reaction mechanism. This motivates continuation of the work presented with
emphasis on mechanistic studies in subsequent contributions. However, with regard to
the focus of this work, i.e., the basic DAC process design, the key conclusion drawn from
the co-adsorption studies lies in the observation that presence of moisture promotes CO2

adsorption on Lewatit , while the strength of this effect seems to diminish with increasing
levels of CO2 partial pressure.

3.3 Additional properties of the sorbent

Mechanical, thermophysical and chemical properties of Lewatit are summarized in Sec-
tion 3.3.1 and its thermal stability is analyzed in Section 3.3.2.

3.3.1 Mechanical, thermophysical and chemical properties

Basic properties of Lewatit obtained from experimental investigations (Appendix A.3.6.4
and A.6) and from literature review are summarized in Table 3.4. The appearance of the
sorbent can be described as opaque, spherical beads. The experimentally determined bulk
density ρB of 450 kg m−3 is in good accordance with data provided by Alesi and Kitchin163,
and the bed void fraction ψB of 38 % observed lies in the typical range of 26 – 48 %
expected for sphere packings115 (Appendix A.6.1). Tortuosity factors (Appendix A.3.6.4)
and the particle porosity (Appendix A.6.1) determined are in good accordance with
the data published by Bos et al.164. High mechanical stability found166 and excellent
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Table 3.4: Mechanical, thermophysical and chemical properties of Lewatit. Values for which no
literature reference is given have been determined within this work (Appendix A.3.6.4 and A.6).
In addition to the mean parameters obtained, 95 % confidence bounds (t-distribution) are given.
a molar basis, b maximum available considering cross-linked structure

Mechanical, thermophysical and chemical properties

Unif. coeff. αunf /- 1.8 [162] BET surface aBET /103 m2 kg−1 50 [162]

Particle size DP /10−3 m 0.3 – 1.25 [162] Pore volume vPor /10−6 m3 kg−1 270 [162]

Effective size DP,10 /10−3 m 0.52 [162] Pore diameter DPor /10−9 m 25 [162]

Fines φfie /% 3 [162] Porosity εP /% 19.5± 0.3

Bed void fraction ψB /% 37.9± 0.9 Tortuosity τPor,mol /- 1.2

Carr index CI /% 2.7± 1.7 Tortuosity τPor,Knu /- 1.4

Angle of repose αrep /° 24.1± 2.6 Amine loading qAmi /mol kg−1 7.5a, 6.7b [163]

Bulk density ρB /kg m−3 450± 5 Heat capacity cp,P /103 J kg−1 K−1 1.50 [163]

Particle density ρP /kg m−3 724± 10 Th. conductivity λP /10−3 W K−1 m−1 27 [157]

flowability, indicated by a Carr index (CI ) smaller 15 % and an angle of repose αrep of
less than 30° (Appendix A.6.2),195 seem favorable for fixed and moving bed applications.

With regard to the realization of a thermally driven regeneration process via TSA,
thermal properties of Lewatit are of special interest. A low heat capacity of about
1.5 kJ kg−1 K−1 is named by various authors157,163,166. This is in good agreement with
data available for polystyrene (PS), ranging 1.1 – 1.7 kJ kg−1 K−1 in the temperature range
0 – 100 °C.116 However, a large deviation between the thermal conductivity of Lewatit
(27 mW K−1 m−1), used by Veneman et al.157, and PS (160 mW K−1 m−1)116 is found,
with the former being in the order of the thermal conductivity of air116. Influence of the
thermal conductivity on the DAC concepts is discussed in more detail in Sections 4.3.2.2
and 4.4.1.3.

3.3.2 Thermal stability

Thermal stability of the sorbent becomes elementary in the TSA-based regeneration con-
cepts proposed. The vendor names temperature ranges of 1 – 100 °C as a stable operating
window.162 In single TGA experiments of Sonnleitner et al.166 no degradation in pure ni-
trogen below 100 °C was found after 35 h, whereas a reduction of the sorbent mass in
the order of magnitude of 1 % was detected when increasing the temperature to 200 °C.
Moreover, enhancing effects of oxygen on sorbent degradation at temperatures above 80 °C
were revealed. Yu et al.168 even observed stability in nitrogen for 50 h below temperatures
of 150 °C. Besides, high influence of oxygen on the degradation process is confirmed at
temperatures above 70 °C. Moreover, degradation effects resulting from urea formation
at high temperatures and CO2 concentrations are revealed, whereas in line with other au-
thors196 enhanced oxidative stability in the presence of H2O and CO2 was found. Studies
by other research groups163,165 confirm the general thermal stability of Lewatit and its
high dependence on the gas phase composition present.
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3.4 Summary and conclusion

The selection of sorbents for use in air capture applications is bound to various constraints
(Chapter 2). Different classes of sorbents are investigated. Especially use of supported
amine sorbents (SAS ) appears to be favorable for air capture. The commercially available
polymeric ion exchange resin with primary amine moiety Lewatit VP OC 1065 , assigned
to this class, is selected as reference sorbent and analyzed in more detail.

Section 3.1 State of the art
summarizes the current state of research with regard to DAC sorbents. Solid, amine-based
sorbents are identified as the most promising alternative (Section 3.1.1). Investigations
of the reaction mechanism of CO2 with this class of sorbents (Section 3.1.2) indicate
possible interactions with water vapor present in ambient air. Humid conditions allow
for CO2 adsorption in the form of carbonate or bicarbonate instead of carbamate. This
can result in doubling of the amine efficiency. Moreover, the current state of knowledge
with regard to the reference sorbent selected is summarized (Section 3.1.3). Lack of
data with respect to its adsorption characteristics under ambient conditions and to its
thermophysical / mechanical properties relevant for large-scale applications is revealed.

Section 3.2 Adsorption properties of the sorbent
confirms good adsorption properties of Lewatit over a broad rage of temperature (30 –
100 °C) and CO2 partial pressure (10 – 2 · 104 Pa). Toth isotherm model is found to best fit
the experimental data obtained by thermogravimetric analysis and by breakthrough curve
experiments (Sections 3.2.1 and 3.2.2). An analysis of the heat of adsorption and kinetic
investigations allow for more detailed insights into the characteristics of the adsorption
process. Focusing on humid conditions (Section 3.2.3), high water adsorption capacity
of Lewatit is confirmed. BET -type and GAB isotherm models are found to well fit the
experimental data. Complex influence of humidity on CO2 capacity is revealed.

Section 3.3 Additional properties of the sorbent
is dedicated to the analysis of additional sorbent properties. Its low heat capacity, high
mechanical stability and good flowability (Section 3.3.1) favor an application in innovative
moving bed adsorber concepts. High thermal stability at temperatures below 100 °C allows
for efficient TGA operation, whereas degradation observed at moderate temperatures in
the presence of oxygen indicates the necessity of purge steps and of careful temperature
control to avoid sorbent capacity loss (Section 3.3.2).

Based on the analysis given Lewatit is used as reference sorbent. It allows for a moderate
CO2 capacity under ambient conditions and offers superior mechanical and thermophysical
properties, beneficial for use in the heat integrated DAC processes proposed (Chapter 4).
Typical characteristics of SAS with respect to water co-adsorption are observed that
motivate the analysis of measures to reduce high water co-desorption within the process
(Chapter 5).
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Abstract
Motivated by the high CO2-specific energy demand of air capture, technological ap-
proaches to intensified heat integrated DAC concepts are investigated. Novel moving
belt (MBtA) and moving bed adsorber (MBdA) concepts are proposed as representatives
for direct and indirect heat integration strategies. Feasibility studies reveal low energy
requirements and availability of efficient sealing strategies for the sorbent conveying
technologies applied. Use of transfer media with directional dependent heat transfer
characteristics is found to be beneficial. High potential for optimized heat transfer
by use of fin-like structures on the transfer medium is revealed. Numeric simulations
of MBtA and MBdA allow for detailed insights into the characteristics of operation
in spatial cyclic state. Especially high mass transfer resistances in the gas phase are
found to take severe influence on process performance. An experimental investigation
of transport phenomena underlines this aspect. Results of detailed cost estimation
stress the importance of transfer limitations, which are reflected in high investment
costs dominated by the sorbent. Potential for severe cost reduction is outlined.
Studies performed indicate trade-off considerations between the investment costs and
energy spent to arise. Based on the current carbon footprint of energy supply, the latter
is found to take a severe influence on the potential for realization of net negative emissions.

This chapter is structured as follows:

Section 4.1 State of the art
summarizes the state of knowledge with respect to the technological realization of DAC .

Section 4.2 Conceptual design
presents the moving belt (MBtA) and moving bed adsorber (MBdA) concepts designed.

Section 4.3 Feasibility study and constraints
evaluates limitations and constraints of the concepts proposed.

Section 4.4 In-depth simulation
allows for a detailed insight into the cyclic steady state operation of MBtA and MBdA.

Section 4.5 Experimental investigation of transport phenomena
discusses the results of the experimental analysis of transport phenomena.

Section 4.6 Cost estimation and net negative emission
evaluates the cost structure and ecologic impact of MBtA and MBdA.

Section 4.7 Summary and conclusion
extracts the key findings of this chapter that motivate the detailed analysis of water
co-adsorption in Chapter 5.



4.1 State of the art

4.1 State of the art

Motivated by the high capacity of NET s required in the second half of this century (Chap-
ter 1), technological approaches to DAC are intensively researched. Various companies
provide DAC technology on a commercial level.92,105,107,197–199 The continuously growing
number of publications with respect to DAC sorbents (Chapter 3) and broad range of
process configurations proposed (Chapter 2) reveal high potential for optimization. This
is also reflected by the estimates of DAC energy demands and economics, summarized in
Table B.1. Carbon dioxide-specific energy demands determined vary by more than one
order of magnitude (∼ 50 – 500 kJ mol−1) and cost estimates even range from 30 $ t−1 to
1000 $ t−1.67,85 A comparison with cost estimates for flue gas capture that span 30 $ t−1 –
100 $ t−1 suggests that no impeding limitation from an economic point of view exists.67

Water co-adsorption, pressure losses in air – sorbent contacting and high carbon
dioxide-specific energy demand can currently be identified as key challenges faced by
DAC (Chapter 2).41 With respect to energy efficient contacting, trade-off considerations
between pressure loss and mass transfer arise.99 To overcome these limitations, various
DAC designs at different levels of technological maturity have been proposed. At this
stage only a brief overview is provided. For more detailed information, the reader is
referred to Table B.1 and to the reviews40,41,67,85,110,200 available.

In the bench-scale scenario by the American Physical Society (APS ), counter-current
flow between air and an alkaline solution that wets a packing in a fixed bed adsorber is
realized.17 Optimization studies with respect to the packing used confirm high influence of
operation parameters and of contactor design on overall process performance.111 Inspired
by APS report, a cooling tower design with an open contactor of slab geometry that
allows for cross flow operation was proposed.201 Motivated by the severely optimized
economics of this patented design,202 field tests203 were realized by Carbon Engineering.
The detailed plant design for pilot-scale operation published93 reveals CO2-specific energy
demands to be in an order of magnitude of 390 kJ mol−1. Further optimization studies
based on APS system have been performed.91 These identify high influence of capital
costs to DAC economics and underline the potential for severe cost reduction67. In this
respect, studies204,205 based on an aqueous reference process indicate that compression of
air, to increase sorbent capacity, can become beneficial, even from an energy point of view.

Use of solid sorbents seems more promising compared to liquid systems with respect to
process energy demand.99 A variety of basic adsorber concepts for this class of sorbents
were proposed by Lackner99. Among those one may name heat exchanger-like designs
or honeycomb-like structures. Moreover, filter mats composed of fine, loose fibers are
proposed. Prototypes based on anionic-exchange resins were tested in humidity swing
operation. Energy demands in the order of magnitude of 50 kJ mol−1 have been esti-
mated. Moreover, this moisture swing approach to DAC was investigated with respect to
a possible coupling with carbon sequestration and production of synthetic fuels.118,206

Aminosilica sorbent-based cordierite monolith contactors were investigated by Kulkarni
and Sholl98. A TSA concept based on diurnal operation was found to be inferior compared
to additional use of steam as heating medium and purge gas. Moreover, their analysis
indicates that sensible heat demand can contribute to more than 60 % to the overall energy
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requirement. Reduction of this contribution was identified as key research priority. Sinha
et al.100 also used low-temperature TSA operation for regeneration of their amino-modified
MOF and reported CO2-specific energy demands in an order of 160 kJ mol−1.

Overall, intensive research results in commercially realized solid sorbent-based DAC
technologies by various companies. Infinitree198 applies the humidity swing ap-
proach99,101,102 to produce CO2 streams at levels suitable for use in greenhouses. A similar
approach to DAC is followed by Skytree199. However, no detailed information on the tech-
nologies used by these two companies is available. Focusing on common TSA application,
one may name Hydrocell197. This company provides a DAC technology that fits into
standard shipping containers and is fully portable.200 Global Thermostat107 uses monolith
contactor designs based on porous amine sorbents that have been documented in various
patents.207–210 Low temperature steam (85 – 100 °C), e.g., produced from residual process
heat, is used for sorbent regeneration. A CO2 product gas at a purity of 98 % can be
obtained.107 Heat recovery in the order of 50 % is realized within this concept.200,211 Also
Climeworks105 applies amine-based sorbents. These are used in a filter composed of spe-
cial cellulose fibers that can be regenerated by temperature swing to 80 – 100 °C. Various
patents212–214 were granted, which besides others focus on adsorber designs that ensure
low pressure losses.

4.2 Conceptual design

This section is dedicated to the conceptual design of heat integrated adsorber units. First
an estimate of the operation range is given (Section 4.2.1). Moving belt adsorber (MBtA,
Section 4.2.2) and moving bed adsorber (MBdA, Section 4.2.3) concepts are introduced.

4.2.1 General considerations

The general method of heat integration developed (Section 2.3.2) is independent of
the specific technology used for realization of sorbent movement. General feasibility
and characteristics of the concepts are discussed based on well selected representatives.
The direct heat integration is represented by MBtA concept (Section 4.2.2), whereas
applicability of the indirect heat integration concept by MBdA design is evaluated
(Section 4.2.3). Moreover, it seems beneficial to investigate the sensible heat recovery
strategies independent of the phenomenon of water co-adsorption revealed in Sec-
tion 3.2.3. This allows for a more general analysis in which the results obtained are not
subject to the constraints imposed by water co-adsorption discussed in Chapter 5.

Figure 4.1 evaluates the possible operation range for a cyclic adsorption process. Solely
changing the temperature from adsorption to desorption cycle seems sufficient to reach
CO2 equilibrium mole fractions higher than 20 % in the desorption cycle. This implies
that use of hydrogen as strip gas might allow for generation of a DAC product gas with a
composition according to the stoichiometry of Sabatier reaction (2.I) in a single step
(temperature-composition-swing-adsorption, TCSA). Strong dependency of equilibrium
loading qeql,CO2 on the CO2 partial pressure in the adsorption cycle pCO2,ads (Figure 4.1(a))
and of pCO2,des on qeql,CO2 during desorption (Figure 4.1(b)) is noticed. Decrease of CO2
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Figure 4.1: Possible operation range of TVCSA based on the isotherms for CO2 adsorption under
dry conditions. A closeup view on the CO2 partial pressure (pCO2

) range relevant for adsorption
is given in (a), whereas (b) shows the whole range of CO2 partial pressures and loadings (qeql,CO2)
investigated. Adsorption isotherms for temperatures T of 25, 40, 60, 80 and 100 °C are shown (-).
Influence of temperature variation of ± 5 K is depicted for the isotherms at 25 and 100 °C by dotted
lines (· ·). Additionally, the course of operation from adsorption (pCO2,ads = 40 Pa, Tads = 25 °C) to
desorption cycle (pCO2,des = 24 kPa, Tdes = 100 °C) is visualized by a dashed line (- -).

partial pressure in the adsorption cycle can lead to substoichiometric CO2 shares in the
DAC product gas with respect to Sabatier reaction. Moreover, strong dependency of
qeql,CO2 on temperature T is revealed. These observations result in various design consid-
erations in view of single step DAC operation without use of strip gas other than H2 or
additional gas purification steps:

1. Counter-current operation of strip gas and sorbent seems beneficial to allow for high
CO2 shares. Realization of this operation mode is eased by sorbent movement

2. The desorption temperature level can become an efficient variable for process con-
trol, but it is limited by sorbent stability (Section 3.3.2). Selection of the DAC site
with regard to ambient temperature is of great importance

3. Desorption pressure level can become an additional degree of freedom (temperature-
vacuum-composition-swing-adsorption, TVCSA). Low pressure at the strip gas out-
let can be used as the driving force for gas flow through the sorbent bed

The MBtA approach is analyzed as representative for TCSA operation. Application of the
TVCSA concept is exemplified based on the MBdA design. Water co-adsorption implies
presence of an additional gas phase species to be separated, which relaxes the constraints
of DAC product gas CO2 shares and identifies water vapor as additional, potential strip
gas choice. This extended problem is discussed in Chapters 5 and 6.

4.2.2 Moving belt adsorber: conceptual design

Figure 4.2 visualizes the realization of the direct heat integration concept by MBtA.
Sorbent particles are physically immobilized within a supporting mesh structure. Alter-
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natively, impregnation or chemical bond of the amine moiety on the support might be
realized. Overall, this results in a conveyor belt-like structure. This allows for transport
of the sorbent through different zones and transformation of the cyclic adsorption process
from time to space domain. The orientation of the belt in space domain enables direct
thermal coupling between different parts of the belt by means of a (solid) transfer medium.

Desorption zone Cooling zone Adsorption zone

Ext. heating zone

H2

H2+ CO2

Heating zone
Belt

T

Figure 4.2: Moving belt adsorber (MBtA) design as representative of the direct heat integration
concept. The different zones the belt is moving through are visualized. Direct heat transfer between
different parts of the belt is realized by a (solid) heat transfer medium with uniaxial transfer
characteristics (T). Heat flows are visualized by dashed arrows. Heat supply to the desorption zone
and heat exchange with the ambient is not shown. Reproduced from Drechsler and Agar215.

The path of the belt can be summarized as follows: in the adsorption zone air – sorbent
contacting is realized. Overflow instead of flow through the sorbent bed allows for low
pressure losses. Leaving this zone the sorbent bed is heated by means of direct heat
exchange realized by a (solid) heat transfer medium with uniaxial transfer characteristics.
The maximum temperature increase is limited by the minimum temperature difference
required for an efficient heat transfer ∆Tldf,DAC. This results in the need of additional
heat supply realized in the external heating zone, in which the sorbent temperature is
raised to desorption level. The maximum bed temperature is aspired to be reached at
the end of this zone. Regeneration of the sorbent is realized in the adjacent desorption
zone. Additional heat supply in this zone is possible and counter-current strip gas flow
allows for high CO2 concentrations in the gas phase. In case of hydrogen strip gas use,
maximization of the desorption time is enabled by already contacting the strip gas with
the sorbent in the cooling zone, where the sorbent sensible heat is recovered.

4.2.3 Moving bed adsorber: conceptual design

The MBdA adsorber design sketched in Figure 4.3 is chosen as representative for the
indirect heat integration concept. Sorbent movement through different zones is realized
by gravitational forces. This allows for the additional degree of freedom to split the design
into different units connected by sorbent transport.

Similar to the MBtA concept, sorbent particles enter a heating zone after CO2 – sorbent
contacting in the adsorption zone. The sorbent temperature is raised to desorption level
by means of counter-current heat exchange with a (liquid) transfer medium. In the subse-
quent desorption zone the sorbent is regenerated by counter-current strip gas flow through
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Figure 4.3: Sketch of the moving bed adsorber (MBdA) concept as representative of the indirect
heat integration concept. Flow of the bed through different zones allows for transformation of the
cyclic steady state operation profile from time to space domain. Heat integration is realized by
counter-current heat exchange with a (liquid) transfer medium (TL). Additional heat supply to the
desorption zone is not shown in detail. Rotary valves that allow for vacuum operation are depicted.

the bed and by possible external heat supply. Desorption already starts in the cooling
zone. Strip gas is introduced and sorbent sensible heat is recovered by counter-current ex-
change with the transfer medium that thereafter is externally heated and transferred to the
heating zone. Rotary valves used for possible realization of vacuum operation are shown.

4.3 Feasibility study and constraints

The moving sorbent designs proposed (Section 4.2) diverge from adsorber concepts
typically used. Exploitation of advantages arising from solid movement is not uncommon
though. Moving belt devices for Central Processing Unit (CPU ) cooling have been
patented216 and a true moving bed chromatography process was already commercially
realized by DOW Chemicals and Union Oil Co. in 1947.217 Table 4.1 provides a brief
comparison of MBtA and MBdA. For a detailed insight, the reader is referred to the corre-
sponding sections that discuss sorbent movement and gas sealing (Section 4.3.1), heat and
mass transfer characteristics (Section 4.3.2) and large-scale realization (Section 4.3.3).

Table 4.1: Comparison of MBtA and MBdA concept with respect to the technical feasibility,
strengths and drawbacks of the concepts. The rating of the concepts is performed according to the
scale: good (+), intermediate (◦), drawback(-).

MBtA MBdA Section MBtA MBdA Section

Thermal integration + ◦ 4.3.2, 4.4 Scale and numbering up ◦ + 4.3.3

Heat transfer ◦ ◦ 4.3.2, 4.4 Size ◦/- - 4.3.1, 4.3.3, 4.4

Mass transfer ◦ ◦/+ 4.3.2, 4.4 Flexibility ◦ + 4.3.1, 4.3.3, 4.4

Working capacity ◦ + 4.2.1, 4.4
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4.3.1 Sorbent movement and gas sealing

Efficient strategies for sorbent movement are required, in which the sorbent velocity be-
comes of particular importance. Cycle times for DAC applications given in the literature
vary from 0.5 to 6 h.98,99,200,211 This implies the need for low sorbent velocities in the order
of magnitude of 1 mm s−1 to limit DAC unit size to reasonable dimensions.

For MBtA similarities to common conveyor belt operation can be drawn, whereas in
MBdA sorbent particles can be lifted, e.g., by vertical bucket elevators, and gravitational
forces are used for bed movement. Power requirement for sorbent movement is estimated
via DIN 22101 218 and VDI 2324 219 (Appendix B.2.1). Figure 4.4(a) compares key contri-
butions identified for both designs. In MBdA energy demand for lifting the sorbent Ėlif,Sor

becomes dominating. Additional contributions, e.g., dead load or frictional power, scale
with the mass of sorbent to be lifted, with effective friction coefficients ffrc,eff typically
ranging 3.5 · 10−3 – 10 · 10−3.219 Thus, Ėlif,Sor gives a good estimate for energy requirement
of sorbent movement in MBdA concepts. For reasons of symmetry, the sorbent lift force is
not accounted for in MBtA concepts. Contributions arising from mass change reasoned in
adsorption can even contribute to drive sorbent movement, e.g., in realization of a vertical
belt orientation with the adsorption zone at the top of the structure. As shown in Fig-
ure 4.4(a), these contributions remain comparatively small, even for high levels of water
desorption, unfavorable with regard to the overall target of energy efficiency. Additional
friction forces scale again with the sorbent mass to be moved (ffrc,eff≈ 1 · 10−2 – 4 · 10−2).218
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Ėlif,Sor Ėlif,CO2
Ėlif,H2O Ėsep

Ė
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Figure 4.4: (a) Contributions to energy demand of sorbent movement for a reference CO2 product
flow of 1 mol s−1 and working capacities of ∆qwor,CO2

= 0.25 mol kg−1 and ∆qwor,H2O = 12 mol kg−1.

The energy requirement to lift the sorbent Ėlif,Sor and the energy flows attributed to change of

mass by adsorption Ėlif,iSpe per meter of lifting high are shown. The energy requirement per sealing

device of the belt Ėsep realized is shown for a sorbent bed width of 0.5 cm. Calculations are based
on DIN 22101 218 and VDI 2324 219 (Appendix B.2.1). (b) Sketch of gas barriers to be realized in
MBtA concept. The sealing device is pressed with a contact pressure pprs onto the belt. Combined
with separation of the belt in different chambers, this can reduce gas phase slip streams to a
minimum.

Overall, a minor contribution of pure sorbent movement to the overall energy balance
is estimated. However, sealing of the different zones within the concepts is required to
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4.3 Feasibility study and constraints

avoid losses to the ambient and to allow for vacuum operation. For MBtA operation
gas barriers sketched in Figure 4.4(b) might be realized. The belt is pressed between
sealing plates that limit the gas flow between the different sections of the belt that are
separated by thin, gas impermeable walls. A pessimistic estimate based on the analogy
to wiper strips218 indicates severe increase in energy demand per gas barrier implemented
in MBtA (Ėsep, Figure 4.4(a)). The MBdA concept allows for a significant reduction of
this contribution through realization of the gas sealing by common rotary valves or by
implementation of alternative sealing strategies, e.g., parallel slide valves.220

Additional constraints for gravitation force-based sorbent flow in MBdA arise. Sorbent
termination velocities in the order of 2 m s−1 are estimated.221 These are well above the
phase velocities aspired such that flow control by means of sorbent discharge control
seems possible. Excellent flowability and mechanical stability of Lewatit (Section 3.3.1,
Table 3.4) underline its good applicability in moving bed concepts. Wall effects in moving
beds typically arise up to a distance of 5 – 10 particle diameters from the supporting
structure.222–225 Consequently, it seems reasonable to limit the minimum distance between
the supporting walls to at least 10 – 20 DLew,222 e.g., to 0.5 – 1 cm based on DP,10.

4.3.2 Heat and mass transfer

High heat and mass transfer orthogonal to solid movement as well as the limitation of slip
streams normal to the sorbent’s direction of motion is aspired. Section 4.3.2.1 investigates
the relation between the stability of the support structure and the sorbent bed dimensions.
Section 4.3.2.2 is dedicated to thermal integration studies.

4.3.2.1 Width of sorbent bed and of support structures

In MBtA the sorbent is immobilized in a wire mesh-like structure (Figures 4.2 and 4.4(b)).
Low belt widths and high open areas of the mesh aope,Mes are favored with respect to
efficient mass transfer. With additional focus on low wire mass, mesh configurations that
allow for aope,Mes = 37 % are selected based on DIN ISO 4783-2 226 (Appendix B.2.2.1).

Analysis based on the mesh selected (Appendix B.2.2.1) indicates mechanical stability
of the belt even at high bed length LB,x of 30 m and width HB,z of 5 cm (Figure B.1(a)). Re-
sults obtained also confirm basic mechanical stability of MBdA design. Besides stability,
the mass of support structure relative to sorbent mass becomes of importance, especially in
MBtA. Small belt widths are favorable for heat and mass transfer (Section 4.4). But severe
increase in mesh contribution to belt weight is observed below sorbent bed widths of 1 cm.
Use of smaller wire diameters DWir counteracts this tendency. However, only small reduc-
tion of mesh mass can be reached, with this being accompanied by a decrease of aope,Mes.

226

4.3.2.2 Thermal integration and transfer media

Realization of a high degree of thermal integration is aspired. The analysis based on
∆Tldf,DAC (Figure 2.7) suggests that MBtA offers higher potential for maximum thermal
integration compared to MBdA. Efficiency of heat integration will depend on the transfer
medium chosen, which motivates more detailed investigation of its characteristics.
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4 Approaches to intensified heat integrated DAC units

In MBdA Dowtherm J (Table B.7) is selected as thermal oil116 to be used as liquid
transfer medium. Transfer medium flows in the order of 3 kg s−1 are required to match the
heat capacity flow of the sorbent (productivity ṅPro,DAC,CO2 = 1 mol s−1, working capac-
ity ∆qwor,CO2 = 0.25 mol kg−1). A worst case analysis (Appendix B.2.2.2) shows that the
CO2-specific energy demand per bed height in the transfer medium phase, e.g., attributed
to friction (< 0.5 J m−1 mol−1) or static pressure to be overcome (∼ 29.8 J m−1 mol−1),
becomes negligible small compared to process energy demand (Section 6.4.4). Thus, no
stringent constraints with regard to transfer medium flow arise from an energy perspective.

(a) Isotropic,
∆Tldf,DAC = 5 °C

(b) Anisotropic,
∆Tldf,DAC = 5 °C

(c) Composites,
∆Tldf,DAC = 5 °C

(d) Isotropic,
∆Tldf,DAC = 1 °C

(e) Anisotropic,
∆Tldf,DAC = 1 °C

(f) Composites,
∆Tldf,DAC = 1 °C

Figure 4.5: Influence of the solid transfer medium on the ratio of conductive heat losses to heat
transferred between heating and cooling zone φq̇los,q̇exc,Coo,Hea in dependence of heating zone length
LHea and transfer medium width HT for various materials: (a) and (d) isotropic: steel (V2A) and
copper (Cu), (b) and (e) anisotropic: expanded natural graphite (EG), (c) and (f) composites: par-
allel layers of copper (Cu) and polytetrafluorethylen (PTFE) with PTFE volume fraction φV,PTFE

of 0.10, 0.25 and 0.5. Temperature differences between heating and cooling zone ∆Tldf,DAC of
5 °C and 1 °C, (a) – (c) and (d) – (f), respectively, are investigated at temperature difference be-
tween the ad- and desorption zone ∆Tads,des of 75 °C. Only parameter combinations that allow
for φq̇los,q̇exc,Coo,Hea≤ 5 % are shown. Properties of materials used are summarized in Table B.2.
Influence of a gas duct HMes,T of 1 mm is included in the calculations (Appendix B.2.2.2). Pure
air is used as reference gas phase in the heating zone and hydrogen in the cooling zone.

The MBtA approach uses a solid transfer medium (Figure 4.2). High thermal
conductivity is aspired to limit the length of the transfer zone. Basic comparison between
conductive heat losses in the transfer zone and heat exchanged in this zone is given by the
ratio φq̇los,q̇exc,Coo,Hea. Figure 4.5 exemplifies its dependency on heating zone length LHea

and transfer medium width HT for materials with different transfer characteristics. Within
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4.3 Feasibility study and constraints

the class of isotropic transfer media (Figures 4.5(a) and 4.5(d)) V2A steel performs better
than Cu, despite Cu providing the higher thermal conductivity. When switching to the
material with higher thermal conductivity, raise in thermal losses outruns increase in heat
recovery due to additional gas phase transfer resistance orthogonal to belt movement. This
motivates investigation of transfer media with anisotropic heat transfer characteristics.

Heat transfer media with directional thermal conductivity are intensively re-
searched.227,228 Expanded natural graphite (EG) sheets,229 e.g., used in heat exchangers,
are selected as representatives. Significant reduction of φq̇los,q̇exc,Coo,Hea is reached com-
pared to the isotropic materials (Figures 4.5(b) and 4.5(e)). This might also be achieved
by composite materials of conductive and insulating parts, e.g., parallel layers of Cu and
PTFE (Figures 4.5(c) and 4.5(f)), with a defined degree of anisotropic thermal conduc-
tivity. Variation of PTFE volume fraction φV,PTFE suggests that already low degrees of
anisotropy can result in severe reduction of thermal losses.
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Figure 4.6: Investigation of concepts to reduce gas phase heat transfer resistances. (a) Visualiza-
tion of the concept. Implementation of high-conductive, solid fins in the duct between belt and
transfer medium (T1), and use of high-conductive fibers in the belt (T2) is proposed. Influence
of fiber volume fraction in duct φV,Fin on (b) relative conductive heat loss φq̇los,q̇exc,Coo,Hea and (c)
thermal resistance between cooling and heating zone rth,Coo,Hea. V2A/V2A (-), Cu/Cu (- -) and
EG/Cu (- ·) are investigated as transfer medium/fiber material combinations for geometric dimen-
sions of LHea = 5 m, HT = 5 mm, HMes,T1 = 1 mm and operation parameters of ∆Tldf,DAC = 1 °C,
∆Tads,des = 75 °C. Properties of materials used are summarized in Table B.2. Pure air is used as
reference gas phase in the heating zone and hydrogen in the cooling zone (Appendix B.2.2.2).

The results presented hint at high heat transfer resistances orthogonal to the belt
movement. The low thermal conductivity of the gas present in the duct between trans-
fer medium and belt is found to dominate the belt – belt heat exchange. Use of high
thermal conductive, fin-like structures on the transfer medium (Figure 4.6(a)) is investi-
gated. These might enable an intense thermal coupling between belt and transfer medium
without the need of direct transfer medium – belt contact. Figure 4.6(b) compares the in-
fluence of solid fin use on φq̇los,q̇exc,Coo,Hea for different combinations of transfer medium
and fiber material. Fiber volume fractions in duct space φV,Fin of less than 1 % already
lead to a severe decrease of φq̇los,q̇exc,Coo,Hea. Convergence of φq̇los,q̇exc,Coo,Hea for V2A steel
and Cu at high levels φV,Fin underlines the strong influence of the heat transfer system on
gas phase resistances. Remarkable increase of φq̇los,q̇exc,Coo,Hea in the vicinity of complete
fiber coverage reflects superiority of anisotropic heat transfer.
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4 Approaches to intensified heat integrated DAC units

Use of fins moreover reduces the overall thermal resistance of heat transfer between
the heating and cooling zone rth,Coo,Hea. This will reflect in smaller heat transfer areas
required, lower levels of ∆Tldf,DAC and, thus, lower convective heat losses. As indicated
by Figure 4.6(c), only small fin coverage φV,Fin suffices to decrease rth,Coo,Hea by several
orders of magnitude. This again underlines the severe importance of the gas phase transfer
resistance in the overall energy integration approach and motivates an additional analysis
with respect to the use of high conductive transfer medium fibers (T2, Figure 4.6(a)) in
the belt or moving bed, to be performed in Section 4.4.

Overall, use of anisotropic transfer media seems favorable if operation at very low
∆Tldf,DAC and short zone length LHea is aspired. But in dependence of the degree of
thermal recovery aspired, use of isotropic transfer media with low thermal conductivity
and small width HT can become a reasonable alternative. With regard to belt – belt
heat exchange, the thermal conductivity of the transfer medium is noticed to be of less
importance, due to the dominating influence of the gas phase heat transfer resistance.
High potential for reducing this limitation by use of transfer medium fibers is revealed.

4.3.3 Large-scale realization

Large-scale operation of both concepts can be realized by increase of bed length or by
numbering up. Economy of scale and use of synergies speak in favor for high capacity
DAC plants (Appendix B.2.3). Limitations can arise from convective CO2 transport
in air. Figure 4.7 gives an impression of the DAC dimensions required for realization
of a CO2 product flow of 1 mol s−1. Via Figure 4.7(a) the total horizontal dimension
of the adsorption zone Lz,DACAds,Σ in dependence of the total height of the adsorption
zone Lx,DACAds

and level of CO2 recovery φṅcap,DAC,CO2
,ṅDACAds,in,CO2

can be estimated. With
these parameters selected, Figure 4.7(b) allows to determine the depth of the adsorption
zone Ly,DACAds

in dependence of the width of one functional unit Hz,Fun composed of bed,
support structure and gas duct. Finally, the number of functional units to be parallelized
IFun can be estimated from the graphs shown in Figure 4.7(c). To give a basic impression
of the dimensions, at a recovery of 50 %, one obtains for Lx,DACAds

= 12 m and Hz,Fun = 3 cm:
Lz,DACAds,Σ = 5.2 m, Ly,DACAds

= 10.3 m, IFun = 172. Overall, elevated degrees of recovery
are reached at comparatively high values of Ly,DACAds

, which indicate minor influence of
convective transport limitations in the ambient.

4.4 In-depth simulation

Detailed thermophysical models of MBtA (Appendix B.3.2) and MBdA (Appendix B.4.2)
are proposed that describe the evolution of the strongly coupled state variables by a system
of partial differential algebraic equations (PDAE ). Operation profiles in spatial cyclic
steady state are determined numerically by use of method of lines (MOL) (Appendix B.3.3
and B.4.3). MBtA simulation results (Section 4.4.1) allow for deep insights into the
limitations of the concept. These motivate investigation of hybrid TVCSA approaches,
use of which is exemplified in evaluation of MBdA design (Section 4.4.2). Focus is placed
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Figure 4.7: Large-scale realization of the DAC unit adsorption zone. Results are shown
for the reference scenario: product mole flow ṅPro,DAC,CO2 = 1 mol s−1, working capacity
∆qwor,CO2

= 0.25 mol kg−1, sorbent velocity uB = 1 mm s−1, sorbent bed width HB,z = 0.5 cm and
air velocity uAmb,Air = 2 m s−1 (Section 2.2.2). (a) Total horizontal dimension of the adsorption
zone Lz,DACAds,Σ in dependence of the total height of the adsorption zone Lx,DACAds

. (b) Depth of
adsorption zone parallel to air stream Ly,DACAds

scaled by Lx,DACAds
. (c) Product of the number

of functional units to be parallelized IFun and Lx,DACAds
. The variable Hz,Fun defines the width of

one functional unit orthogonal to the flow of air. The evaluation is performed for CO2 recoveries
φṅcap,DAC,CO2

,ṅDACAds,in,CO2
of 0.25 (-), 0.5 (- -), 0.75 (- ·) and for φṅcap,DAC,CO2

,ṅDACAds,in,CO2
→ 1 (· ·).

Dimensions for the limiting case, i.e., with no kinetic limitations being considered, are shown.

on a detailed analysis of the more promising counter-current operation mode. For a more
detailed insight the reader is also referred to the corresponding publication230.

4.4.1 Simulation results TCSA – MBtA

Figure 4.8 visualizes the two-dimensional modeling approach used to evaluate the char-
acteristics of MBtA operation. Operation with defined wall temperature in the external
heating and desorption zone is investigated based on the parameter set summarized in
Table B.6. Heat exchange and CO2 removal is realized from one side of the belt (Fig-
ure 4.8). Based on this model, the characteristic state variable profiles (Section 4.4.1.1),
the influence of operation and design parameters (Section 4.4.1.2), and the concept to
overcome transfer limitations (Section 4.4.1.3) are evaluated.

Desorption zone Cooling zoneAdsorption zone Ext. heating zoneHeating zone

Air

Air

Strip gasx

z

0

0

HB,z

xAds xHea xHex xDes xCoo

zHB,z

uBelt

uG
HG,z

Figure 4.8: Sketch of MBtA model. DAC unit internal heat flows are visualized by solid arrows (-).
External heat supply is represented by dotted arrows (- -). Characteristic spatial coordinates xi
and zHB,z that represent transition between zones and the upper boundary of the belt, respectively,
are depicted. The width of the sorbent bed HB,z and of the duct for strip gas HG,z, as well as the
velocity of the phases ui , are depicted. Figure reproduced from Drechsler and Agar230.
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4 Approaches to intensified heat integrated DAC units

4.4.1.1 Characteristic state variable profiles

Figure 4.9 provides a basic insight into the characteristic state variable profiles of MBtA
operation. The bed temperature profile TB shows the hysteresis-like profile aspired (Fig-
ure 4.9(a)). But even at a long cooling zone length of 3 m the mean temperature difference
between the solid phase outlet and ambient reaches 4.9 °C. This motivates the investiga-
tion of measures to reduce heat transfer limitations (Sections 4.3.2.2 and 4.4.1.2). More-
over, a possibility of increasing the potential for heat recovery via the external heating
zone is revealed. This is, if the sorbent temperature is increased by more than the temper-
ature difference required for heat transfer, it acts as a thermal reservoir, the heat stored
in which can be recovered by the heat of desorption. This comprises the advantage of less
heat transfer required between heating and cooling zone as well as higher temperature
gradients between these zones at the start of the cooling zone.

The analysis of the CO2 loading profile (Figure 4.9(b)) reveals strong interactions
between heat and mass transfer. Superimposed effects of temperature and concentration
profiles result in a complex evolution of the loading profile qCO2 . Re-adsorption of CO2 is
observable in the desorption and cooling zone. Intense coupling between the CO2 content
in the bed void space and its loading at the sorbent is noticed, which is attributed to the
low slopes of the adsorption isotherms at high temperatures. This dependency allows for
a strong influence of minor temperature gradients in the bed on the maximum carbon
dioxide mole share present. Moreover, severe gradients of qCO2 along z-coordinate are
noticed in the adsorption zone that reveal strong limitations by diffusion. Even at a
high adsorption zone length the mean levels of qCO2 are found to be significantly lower
than the equilibrium loading under ambient conditions. Due to the strong dependency
of yB,CO2 on qCO2 , this can become a significant drawback with regard to the maximum
CO2 product concentration attainable.
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Figure 4.9: Characteristic state variable profiles obtained in MBtA, based on the operation pa-
rameters summarized in Table B.6. (a) Bed temperature TB, (b) loading qCO2

and (c) CO2 mole
fraction in strip gas phase yG,CO2

are shown as a function of the spatial coordinates x and z. The
boundary between the desorption and cooling zone is visualized in Figure (c) by a dotted line (· ·).

The last mentioned aspect is underlined by Figure 4.9(c) that visualizes the evolution of
the CO2 mole fraction in the strip gas phase. Strong dependency of adsorption equilibrium
on temperature results in a negligible contribution of the major part of the cooling zone on
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4.4 In-depth simulation

the increase of yG,CO2 . This is also confirmed by the formation of an inflection point that
suggests a severe influence of equilibrium loading, and thus temperature, on the kinetics of
CO2 desorption. Noticeable decline of the increase in CO2 mole fraction after the inflection
point is revealed, which already suggests a strong decrease of the contribution of the
desorption zone length to the CO2 mole fraction increase at high desorption zone length.

4.4.1.2 Influence of operation and design parameters

The analysis given in Section 4.4.1.1 indicates strong interactions between the different
state variables that are besides others attributed to the cyclic operation in spatial domain.
A more detailed investigation reveals strong couplings between the state variable profiles
in the different zones and phases that result in various operation regimes. For example,
at long adsorption zone length limitations arising from desorption effects become more
dominating and vice versa. An analysis of basic tendencies via a parameter study (Fig-
ure 4.10) is performed based on the characteristic indicators: heat ratio between Sabatier
reaction heat release and external heat supply φQ̇Sab,Q̇ext

, CO2 mole fraction in product
gas yPro,CO2 and bed length-specific CO2 product flow ṁPro,CO2,speLx

.
Strong influence of all zone lengths Lx,DACi , besides of the external heating zone, is

revealed (Figures 4.10(a) - 4.10(d)). Maxima formations in length-specific productivity
ṁPro,CO2,speLx

underline the strong coupled nature of the process, which can be subject to
various limitations, e.g., mass transfer in adsorption or desorption zone. Relations between
the evolution of ṁPro,CO2,speLx

and yPro,CO2 become of special interest. These indicate that
allowance for CO2 mole shares lower than the level of 20 % aspired can result in a severe
increase of the length-specific productivity and decrease of adsorber dimensions. However,
the reduction of adsorber dimensions is limited by the lower bound set for φQ̇Sab,Q̇ext

that,
besides others, depends on the level of heat recovery and productivity of the DAC unit.
Only for an increase in the external heating zone length decrease of φQ̇Sab,Q̇ext

with zone
length is observed, which suggests that the advantage of additional heat supply on CO2

desorption is outrun by the lower level of heat integration achieved.
Severe decrease of all indicators at high bed width HB,z (Figure 4.10(e)) suggests strong

influence of transfer limitations. As a result of limited heat recovery and transfer in the
bed, temperatures in the desorption zone close to the gas phase outlet only reach levels
significantly below the desorption temperature aspired. These result in high equilibrium
loading and re-adsorption in the desorption zone close to the gas phase outlet.

Influence of gas phase inlet velocity uG,in shows the tendencies expected. Higher volume
flows result in dilution of the gas phase, i.e., in a decrease in yPro,CO2 , while the increase
in productivity leads to higher values of φQ̇Sab,Q̇ext

. In contrast to these observations, all
performance indicators shown decrease with increase in belt velocity uBelt. High heat losses
and temperature gradients in the sorbent bed that result in temperatures significantly
below the level aspired in the desorption zone are found to cause this behavior. Formation
of complex loading profiles with re-adsorption normal and orthogonal to belt movement
is noticed.

Especially with respect to long-term operation, the sensitivity of the performance indi-
cators toward changes of the CO2 content in the adsorption zone (Figure 4.10(h)) becomes
of special interest. Strong decrease of all indicators shown with ywor,CO2 is revealed. Single-
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Figure 4.10: Characteristic performance indicators of MBtA. Influence of: (a)-(d) MBtA zone
lengths Lx,DACi

, (e) bed width HB,z, (f)-(g) phase velocities ui and (h) CO2 share in gas
phase ywor,CO2 on heat ratio between Sabatier reaction heat release and external heat supply
φQ̇Sab,Q̇ext

(-), CO2 mole fraction in product gas yPro,CO2 (- -) and bed length-specific CO2 product
flow ṁPro,CO2,speLx

(· ·) is shown. Influence of belt velocity uBelt on content of air in the product
gas yPro,Air (-) and on relative hydrogen loss φlos,H2

(- -) is depicted in Figure (i). Single parameter
variation is investigated, with other parameters kept at reference configuration (Table B.6). Results
are shown for a reference belt depth Ly,Belt of 1 m.

stage TCSA operation with solely use of hydrogen as strip gas to reach CO2 shares of 20 %
in the product gas becomes unreachable at low levels of ywor,CO2 (Figure 4.1). Neverthe-
less, results suggest that even at low levels of ywor,CO2 autothermal DAC -PtG operation
can remain feasible. Moreover, in the framework of the integrated process, slip streams
in the DAC unit, e.g., as a result of gas transport in the sorbent bed void space between
adsorption and heating or cooling zone, become of relevance (Figure 4.10(i)). Shares of
air in the product gas yPro,Air and hydrogen losses relative to its stream at the gas phase
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4.4 In-depth simulation

Table 4.2: Influence of an increase in the overall thermal conductivity normal to belt movement
equivalent to the presence of a volume fraction φVz,T,Belt of the transfer medium for various bed
widths HB,z. Operation parameters not explicitly named take values summarized in Table B.6.
Heat ratios between Sabatier reaction heat release and external heat supply φQ̇Sab,Q̇ext

, CO2 mole
fractions in product gas yPro,CO2

and bed length-specific CO2 product flows ṁPro,CO2,speLx
are

evaluated. Results are shown for a reference belt depth Ly,Belt of 1 m.

HB,z φVz,T,Belt φQ̇Sab,Q̇ext
yPro,CO2 ṁPro,CO2,speLx

/10−3 m /% /- /- /kg a−1 m−1

5 0 1.32 0.201 26.78
5 1 1.57 0.201 26.81

10 0 0.58 0.178 23.06
10 1 0.95 0.182 23.81
20 0 0.07 0.078 9.10
20 1 0.24 0.144 18.10

inlet φlos,H2 significantly increase with belt velocity uBelt. This underlines the importance
of this operation parameter and suggests operation at high working capacities to be ben-
eficial. A more detailed discussion in the framework of the integrated DAC -PtG process,
which also includes use of additional gas separation steps, is provided in Section 6.4.3.

In summary, cyclic steady state operation with intense heat integration and strong cou-
pling of state variables, e.g., via the adsorption isotherms, results in complex state variable
profiles and interactions between the operation parameters. Especially the superimposed
influence of heat as well as mass transfer limitations is found to offer potential for im-
proved operation by extensions of the basic concept to be discussed in Sections 4.4.1.3
and 4.4.2.

4.4.1.3 Overcome of heat transfer limitations

In a first step, an increase of the heat transfer coefficients orthogonal to belt movement
(Figure 4.6) is investigated as a measure to decrease heat transfer limitations, without
changes of the basic design proposed. Table 4.2 summarizes the influence of an increase in
thermal conductivity orthogonal to the sorbent movement, equivalent to the presence of a
volume fraction φVz,T,Belt of the transfer medium in the sorbent bed and gas duct between
the belt and the wall, which is used for external supply and recovery of heat, on the key
performance indicators. At low and intermediate bed width HB,z increase of φVz,T,Belt only
takes a minor influence on yPro,CO2 and ṁPro,CO2,speLx

. This picture changes at large bed
dimensions that, as a result of the one-sided heating concept, reflect in significant heat
transfer limitations. Here, increase of thermal conductivity orthogonal to sorbent move-
ment results in a remarkable increase of all performance indicators. However, especially
φQ̇Sab,Q̇ext

still remains significantly below a value of one required for autothermal opera-
tion, which motivates additional extensions of the concept to be discussed in Section 4.4.2.
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4 Approaches to intensified heat integrated DAC units

4.4.2 Simulation results TVCSA – MBdA

The MBdA design presented (Figure 4.3) exemplifies further modifications to the basic
concept to overcome limitations arising from:

• Heat transfer: heating from both sides of the bed, avoidance of additional gas ducts

• Mass transfer: flow through sorbent bed in desorption zone

• Adsorption equilibrium: TVCSA operation to increase CO2 mole shares yPro,CO2

Figures 4.11(a) and 4.11(b) present key state variable profiles of MBdA obtained based
on a parameter set (Table B.8, set 1) similar to the MBtA reference configuration (Ta-
ble B.6). Temperature profiles formed allow for a slip of 2.7 K at the particle phase
outlet that results in a degree of autothermality φQ̇Sab,Q̇ext

of 1.50. This parameter signif-
icantly exceeds its level obtained for a similar parameter set in MBtA (Table 4.2) with
the product gas CO2 mole fraction yPro,CO2 of 20.2 % and productivity ṁPro,CO2,speLx

of
26.96 kg a−1 m−1 taking values similar to the MBtA performance indicators obtained. This
underlines the positive impact of the conceptual modifications. However, the compara-
tively low working capacity of the sorbent observed (Figure 4.11(b)) indicates additional
potential for increase in productivity.

Figure 4.11(c) compares the influence of an increase in strip gas mole flow by a factor
φṅH2,in

,ṅH2,in,ref
relative to the reference configuration (Table B.8, set 1) on the specific

productivity ṁPro,CO2,speLx
and product gas CO2 content yPro,CO2 . Low-pressure operation

is found to allow for a significant increase of both performance indicators. But this is paid
for by high additional compression energy demand (Figure 4.11(d)), e.g., at gas phase
outlet pressures of 0.5 · 105 Pa the ratio between the energy required for compression and
the heat released in Sabatier reaction φĖcom,Q̇Sab

takes values in the order of magnitude
of 10 %. Even if a decrease in operation pressure simultaneously leads to less external
heat demand relative to Sabatier reaction heat release (φQ̇ext,Q̇Sab

), with view on exergy
considerations this relativizes the benefits arising from low pressure operation.

The responses of the system to changes in the operation pressure also provide more
detailed insights into its operation characteristics. Comparison of the CO2 loading profile
qCO2 (Figures 4.11(b) and 4.11(e)) exemplifies one of the various self-inhibitory couplings
of state variables in the system. Higher desorption of CO2 results in lower qCO2 at the
solid phase inlet to the adsorption zone, which allows for an increased uptake of CO2.
But this increase does not suffice to counteract the higher CO2 desorption. This leads to
a shift in the cyclic steady state loading profile to lower levels, which favors CO2 adsorp-
tion and simultaneously counteracts the increase in CO2 desorption. Besides, analysis of
the sorbent loading distance to its equilibrium state with the gas phase (Figure 4.11(f))
underlines the impact of CO2 mass transfer limitations in the adsorption zone on CO2

uptake. At small temperature differences to the ambient, trade-off between adsorption
kinetics and mass transfer to the particles is reached by mean CO2 concentrations in the
bed significantly below ambient state. Moreover, presence of a distinct maximum in the
qeql,CO2 − qCO2 profile in the desorption zone indicates a low contribution of the center
of this zone to the overall desorption process, which can become even more severe in
realization of higher working capacities, e.g., by increase of the desorption zone length.
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Figure 4.11: Simulation results of MBdA. (a) Temperature profile of the particle phase TP (-) and
transfer medium phase TTL

(- -) as well as (b) sorbent loading profile qCO2
(-) and CO2 gas phase

mole fraction profile yG,CO2
(- -) are shown in dependence of the spatial coordinate x. Results

shown are based on the reference configuration (set 1) summarized in Table B.8. The influence of
changing the strip gas mole flow by a factor φṅH2,in,ṅH2,in,ref

on (c) bed length specific productivity
ṁPro,CO2,speLx

(-) and product gas CO2 mole fraction yPro,CO2
(- -) as well as on (d) the ratios

between the external heat demand φQ̇ext,Q̇Sab
(-), or compression energy requirement φĖcom,Q̇Sab

(- -), and Sabatier reaction heat release are visualized. Operation at gas phase outlet pressures
pG,out of 0.5 · 105, 0.75 · 105 and 1 · 105 Pa is shown. Profiles of (e) qCO2

(-) and yG,CO2
(- -) as well

as of (f) the difference between the CO2 loading qCO2
and the equilibrium loading with the gas phase

qeql,CO2 are depicted for the operation at pG,out = 0.5 · 105 Pa and φṅH2,in,ṅH2,in,ref
= 2.5 (Table B.8,

set 2). Dotted lines (· ·) in (a), (b), (e) and (f) indicate transitions between the different zones,
with the zero point of the spatial coordinate x being at the solid phase inlet of the adsorption zone.

In conclusion, TVCSA operation can allow for a significant increase in CO2 working
capacity, but can be accompanied by the need of intense compression energy requirement.
The further modifications of the basic concept proposed result in a less severe influence of
both, mass and heat transfer limitations. With view on larger bed widths HB,z additional
increase of heat transfer characteristics might be realized by use of a solid transfer medium
inside the bed similar to the concept exemplified in MBtA analysis (Section 4.4.1.3).
The detailed insight provided allows for physically sound interpretation of the operation
characteristics of the concepts, which are characterized by intense couplings of the state
variables and suggest basic feasibility of realizing MBtA and MBdA approaches.
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4 Approaches to intensified heat integrated DAC units

4.5 Experimental investigation of transport phenomena

The results presented in Section 4.4 indicate that diffusive mass transfer in the adsorption
zone might become a crucial drawback. The experimental setup shown in Figure 4.12(a)
is build to investigate transfer limitations based on evaluation of BTC s (Section 3.2.1.1).
These are recorded online via infrared devices. By use of a modular adsorber design
(Figure B.2), realized via 3D printing, different adsorber configurations can be evaluated.
The sorbent bed is mechanically immobilized at the adsorber wall by use of different inlays
that allow for variations of the gas channel and sorbent bed dimensions. Data recording
and plant control is realized via Labview.169 The reader is referred to Appendix B.5 for
more detailed information on the experimental setup and procedure.
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Figure 4.12: BTC experiments to determine the influence of bed width on overall kinetics. The
experimental setting realized (a) and breakthrough curves measured at the adsorber outlet (b) are
shown. Measurements are based on the parameter setting defined in Table B.10. Cooling water
flow to the thermostat as well as the filter before IR devices is not shown in detail. BTC s measured
at bed widths HB,z of 2.5 mm (•) and 7.5 mm (•), with other operation and design parameters being
kept constant (Appendix B.5), are visualized. A CO2 mole fraction level of 400 ppm, which is close
to the mole fractions expected in steady state, is depicted by a dashed line (- -) in (b).

Figure 4.12(b) exemplarily shows the dependency of BTC s on the sorbent bed width
HB,z observed based on the parameter setting summarized in Table B.10. Same mass of
Lewatit and same operation and design parameters, despite of the bed width and of the
mass of glass beads (Appendix B.5.2), are used to allow for a direct comparison between
the breakthrough curves. Reaching the same capacity in saturation state is aspired. It
is expected that higher transport resistances are reflected in an initially faster increase
in the CO2 mole fraction recorded, due to less efficient CO2 removal from the gas phase,
followed by a longer period needed to saturate the sorbent. Experimental results obtained
for bed widths of 2.5 mm and 7.5 mm show these tendencies and suggest strong increase
of mass transfer limitations with increasing bed width. This motivates research of bed
designs that simultaneously account for small mass transfer limitations and low pressure
losses.
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4.6 Cost estimation and net negative emission

4.6 Cost estimation and net negative emission

Class 4 cost estimate based on factorial method217 is performed. MBtA operation is eval-
uated at a working capacity ∆qwor,CO2 of 0.25 mol kg−1 and thermal slip in the solid phase
∆Tlos,DAC of 5 K. These parameters read for MBdA operation: ∆qwor,CO2 = 0.5 mol kg−1,
∆Tlos,DAC = 2.5 K (Section 4.4). The basics of the cost estimation are only briefly outlined
in this section, whereas the reader is referred to Appendix B.6 for a detailed insight.

Figure 4.13 evaluates the economy and the ecologic footprint of the MBtA concept
operated in TCSA mode. With increasing bed width HB,z sorbent costs dominate the
zone length related CO2-specific capture costs (Figure 4.13(a)). Costs to drive the belt
are found to be of minor importance (Figure 4.13(b)). Decrease of these with increasing
HB,z can be attributed to lower frictional resistances at the belt sealings. CO2-specific
costs attributed to H2 strip gas use (∼ 1900 $ t−1) (Appendix B.6.4) are not included in
the analysis, as these are related to the characteristics of the global process structure
rather than to the capture process itself.

Low contribution of electric to overall energy demand is found (Figure 4.13(c)). The
heat of adsorption significantly contributes to the thermal energy requirement. High ratios
between the integrated and external heat, required to change sorbent temperature, under-
line the benefit of thermal integration with regard to MBtA overall energy demand. CO2-
specific costs are summarized in Figure 4.13(d). Major contribution arises from depreci-
ation of capital investment. Electric and thermal energy demand take a minor influence
on cost structure. Severe reduction in energy costs through heat integration is revealed.

Similar tendencies are observed in MBdA evaluation (Figure 4.14). TVCSA operation
with pressure decrease to 0.5 · 105 Pa is analyzed. Avoidance of the supporting mesh
structure leads to reduced costs of the heating, desorption and cooling zone. Also in
MBdA costs for additional key investments are of minor importance (Figure 4.14(b)). Only
compressor costs reach a noticeable level compared to the overall MBdA cost structure.

Similarities to MBtA are also observed with respect to energy demand (Figure 4.14(c)).
Thermal energy requirement is found to be the dominating contribution. High electric
energy demand attributed to vacuum operation is observed, whereas transfer medium
pump and bucket elevator operation take insignificant shares of the overall demand. The
severe influence of compressor operation is also reflected in the cost structure presented in
Figure 4.14(d). Shares of electric and thermal energy are in a similar order of magnitude.
However, these costs are still small compared to the depreciation of investment costs.

The concepts proposed are characterized by high CO2-specific capital investment and
low energy demand. Data of other approaches to DAC published are summarized in
Table B.1. CO2-specific costs attributed to depreciation (Figures 4.13(d) and 4.14(d)) are
found to be a factor of more than two higher compared to capture costs of, e.g., 600 $ t−1

currently named by Climeworks.85 However, this comparison seems to lack of fairness,
as an intensified cost optimized process is compared to concepts that primarily focus on
minimum energy requirements and are evaluated based on worst case assumptions.

Potential for severe decrease in investment through reduction of sorbent mass demand
is noticed. Working capacity, cycle time and sorbent-specific costs become of high im-
portance. For example, the maximum CO2 capacity of Lewatit at ambient CO2 pressures
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Figure 4.13: Economy and ecology of MBtA (Appendix B.6). Three scenarios that differ in the
sorbent bed width HB,z (1: 5 mm, 2: 10 mm, 3: 20 mm) are investigated. (a) CO2-specific capture
costs per meter of belt length realized in adsorption (Ads), heating (Hea), ext. heating (Hex) and
desorption (Des) zone cmCO2

,∆LBiB
,x,i . Contributions from (dark to bright): Lewatit , supporting

mesh, additional support, e.g., realization of gas duct, and solid transfer medium in heat recovery
zone are shown. The costs of the cooling zone equal the ones determined for the heating zone.
(b) Additional CO2-specific capture costs attributed to the drive of the belt. (c) CO2-specific
energy demand ei,spenCO2

, split into electric (ele) and thermal (the) contributions. (d) Overall

CO2-specific costs cmCO2
,i arising from: equipment and sorbent (dep), electric energy (ele) and

thermal energy (the) use. (e) Ratio φmiemi
,mcap between CO2 emissions attributed to electric (ele)

energy demand, or thermal (the) demand, and mass of CO2 captured. Contributions to thermal
energy requirement in Figures (c) - (e) are indicated by different color tones (dark to bright): heat
of desorption, sorbent sensible heat requirement and energy recovered by heat integration.

takes a value of about 1 mol kg−1, whereas sorbents optimized for DAC can offer capacities
larger than 2 mol kg−1 (Section 3.1.1). Influence of moisture might even lead to an addi-
tional increase in capacity. Overall this can result in a significant increase of the maximum
capacity. Use of tailor-made DAC sorbents and realization of convective CO2 transport to
the sorbent can additionally enable lower sorbent-specific costs by reduction of cycle times
and decrease in unit costs through larger mass ratios between the sorbent bed and its pe-
ripheries. This suggests that CO2-specific capture costs can be decreased below 1000 $ t−1.

With regard to a cost-based optimization, reduction of the level of energy integration
or use of air compression to accelerate convective CO2 transport results in trade-off con-
siderations between the costs avoided and energy spent. Even if the capture costs can be
reduced, the increase in energy demand can take severe influence on the level of net nega-
tive emissions achieved. Figures 4.13(e) and 4.14(e) underline this aspect by visualization
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Figure 4.14: Economy and ecology of the MBdA concept operated in TVCSA mode (Appendix B.6).
Three scenarios that differ in the sorbent bed width HB,z (1: 5 mm, 2: 10 mm, 3: 20 mm) are
investigated. (a) CO2-specific capture cost per meter of bed length realized in adsorption (Ads),
heating (Hea) and desorption (Des) zone cmCO2

,∆LBiB
,x,i . Contributions from (dark to bright):

Lewatit , supporting mesh, additional support, e.g., realization of gas duct, solid transfer medium
in heating zone and liquid transfer medium are shown. Costs of the cooling zone equal the ones
for the heating zone. (b) Additional CO2-specific capture cost cmCO2

,inv,iEqp attributed to transfer
medium pump (Pum), bucket elevator (Elv), external heat exchange for transfer medium (Hea)
and vacuum operation (Com). (c) CO2-specific energy demand ei,spenCO2

, split into electric (ele)

and thermal (the) contribution. (d) Overall CO2-specific costs cmCO2
,i arising from: equipment,

sorbent and transfer medium (dep), electric energy (ele) and thermal energy (the) use. (e) Ratio
φmiemi

,mcap
between CO2 emissions attributed to electric (ele) energy demand, or thermal (the)

demand, and mass of CO2 captured. Contributions to thermal energy requirement in Figures (c) -
(e) are indicated by different color tones (dark to bright): heat of desorption, sorbent sensible heat
requirement, energy recovered by heat integration. Shares of liquid pump, sorbent elevation and
gas compassion in electric energy demand are visualized (from dark to bright) in Figures (c) - (e).

of the emissions resulting from energy demands relative to the amount of CO2 captured.
Severe influence of heat integration and electric energy use on net negative emissions is
revealed. This already suggests that use of air compression in DAC concepts might con-
tradict the aim of generating net negative emission. Compression of air by 1 kPa requires
a CO2-specific energy input in the order of magnitude of 62 kJ mol−1 (Figure 2.2(a)),
which equals CO2 specific emissions of 0.18 kg kg−1 (Appendix B.6.3) and underlines the
questionability of intense energy use to reduce DAC costs. In view of an efficient use of
DAC , these results stress the urgency of a fast transition to a renewables-based energy
supply and the importance of realizing DAC concepts that focus on low energy demands.
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4 Approaches to intensified heat integrated DAC units

4.7 Summary and conclusion

Realization of heat integration concepts proposed in Section 2.3 is investigated in detail.

Section 4.1 State of the art
gives an overview of approaches to DAC . Cost and energy estimates differ by three orders
of magnitude. T(V)SA driven solid sorbent-based concepts dominate current research.

Section 4.2 Conceptual design
is dedicated to the technological approaches proposed. Isotherm evaluation indicates max-
imum CO2 shares in the product gas of 24 % for TCSA concepts. This motivates additional
investigation of TVCSA operation (Section 4.2.1). Designs of novel moving belt adsorber
(MBtA, Section 4.2.2) and moving bed adsorber (MBdA, Section 4.2.3) are discussed.

Section 4.3 Feasibility study and constraints
investigates technological limitations of the concepts proposed. Characteristic features of
sorbent movement within the concepts are analyzed that reveal high influence of the gas
sealing on energy requirements (Section 4.3.1). Constraints with respect to heat and mass
transfer are discussed in Section 4.3.2. Directional-dependent transfer characteristics of
solid transfer media are found to be beneficial and concepts to overcome heat transfer lim-
itations, e.g., use of fin-like structures, are proposed. With respect to large-scale realiza-
tion, restrictions arising from transport of CO2 in ambient air are analyzed (Section 4.3.3).

Section 4.4 In-depth simulation
provides detailed insights into MBtA (Section 4.4.1) and MBdA (Section 4.4.2) operation
characteristics, which are characterized by intense couplings of the state variable profiles.
Limitations that result from mass and heat transfer are revealed. TVCSA operation
allows for significant increase in sorbent working capacity, but is accompanied by high
compression energy requirement.

Section 4.5 Experimental investigation of transport phenomena
confirms presence of mass transfer limitations in the sorbent bed based on breakthrough
curve analysis. Use of 3D printing allows for investigation of different adsorber configura-
tions that resemble characteristics of MBtA and MBdA operation during CO2 adsorption.

Section 4.6 Cost estimation and net negative emission
evaluates economic and ecologic aspects of MBtA and MBdA. CO2-specific capture costs
that exceed 1000 $ t−1 are found, with high potential for cost reduction below this level
being revealed. Investment costs, especially of the sorbent, are noticed to dominate the
cost structure. Energy costs seem to be of minor importance. Severe influence of energy
use on the potential for realization of net negative emissions is noticed.

Overall, high potential of intensified heat integrated approaches to DAC is revealed. Lim-
itations, especially with respect to mass transfer, motivate more detailed investigation of
low-pressure loss contacting concepts, from both, economic and ecologic perspective. High
dependency of potential for realization of net negative emissions on energy demand under-
lines the importance of a fast transition to a renewables-based energy supply and motivates
a detailed analysis of energy penalties attributed to water co-adsorption in Chapter 5.
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Scientific contributions
Parts of this chapter have been published in the following scientific contributions:
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sorbent based direct air capture processes. Energy 2020, 192, 116587.

Conference poster presentation

• Drechsler, C.; Agar, D. W. Analyse der Wasser-Co-Adsorption auf die Energiebilanz von Direct
Air Capture Verfahren mit festen Sorbentien. Presented at Abschlusskonferenz zur BMBF Förder-
maßnahme CO2Plus, Berlin, Germany, September 24-25, 2019.



Abstract
Handling of water co-adsorption is a key challenge in the design and operation of DAC
concepts. Extension of the criterion of autothermal operation by water co-adsorption
and its application reveals that the maximum permissible amount of water desorption is
smaller than the amount of water adsorbed under ambient conditions by a factor of more
than 4.7. An analysis based on equilibrium adsorber models indicates the potential for
significant reduction of H2O : CO2 desorption ratios by counter-current operation at high
desorption temperatures. But levels of water desorption still remain prohibitively high.

Ad-, de- and post-desorption approaches to limit water co-adsorption influence on
the process mass and energy balance are investigated. Analysis of chemical modification
of the sorbent and of the use of kinetic effects reveals perspectives for future research
priorities. Post-desorption approaches including control of water desorption by use of
water vapor strip gas and by recovery of the energy stored in water vapor via multi-stage
mechanical vapor recompression (MVR) are found to be promising measures, realizable
by use of common technologically mature engineering concepts. Model-based analysis
and optimization of integrated DAC – MVR operation allows for detailed insights into
the complex interactions between operation parameters and potential for heat recovery.
Promising results achieved in the analysis performed underline the benefit of extending
DAC approaches by post-desorption heat recovery concepts and strip gas-based water
desorption control. In this respect, superiority of cyclic adsorber operation in the spacial
domain is emphasized.

This chapter is structured as follows:

Section 5.1 State of the art
summarizes the current state of knowledge with regard to the influence of water co-
adsorption on point source capture and DAC processes.

Section 5.2 Quantifying the influence of water co-adsorption
provides a quantitative analysis of water co-adsorption on a mass and energy level. Favor-
able DAC operation parameters are determined based on equilibrium adsorber models.

Section 5.3 Counteracting the influence of water co-adsorption
investigates measures to counteract the influence of water co-adsorption. Ad-, de- and
post-desorption approaches are analyzed. Special focus is placed on chemical modification
of the sorbent, kinetic effects and post-desorption heat recovery strategies.

Section 5.4 Summary and conclusion
gives a brief summary of the results obtained and relates those to the context of the overall
process design analyzed in Chapter 6.



5.1 State of the art

5.1 State of the art

The analysis performed in Chapter 4 indicates that sufficient recovery of the sorbent
sensible heat can allow for autothermal operation of a DAC – PtG process in an ideal
setting, i.e., in a setting without consideration of H2O co-adsorption. However, as shown
in Chapter 3 significant H2O co-adsorption has to be expected.

Water co-adsorption is a well-known problem in common CO2 adsorption processes
as well as in DAC applications.103,137 Water desorption in the sorbent regeneration step
can lead to dilution of the CO2 product gas that can result in the need of additional
gas purification in the downstream. Even worse, it can be accompanied by severe en-
ergy demand.102,137 Especially in DAC applications, in which energy demand is scaled
with the amount of CO2 captured (Chapter 2), heat demands attributed to the desorp-
tion of one mole H2O, which can reach levels of about half of the energy required to
release one mole CO2,137 can become an impeding limitation. In this regard, studies by
Wurzbacher et al.104 indicate heat demands for sorbent regeneration to be in the order
of magnitude of 640 kJ mol−1. Those were found to significantly depend on the amount
of H2O desorbed. Consequently, energy penalties attributed to H2O desorption can take
severe influence on process energy balance.137

Common measures proposed to avoid H2O co-adsorption within point source capture
are pre-conditioning of the feed gas to reduce its water content, increase of adsorption
temperature in view of shifting the CO2 : H2O adsorption ratio or use of kinetic effects
that favor CO2 adsorption.137 Moreover, use of water vapor as strip gas to suppress water
desorption is discussed for point source capture and DAC applications.137,231

The choice of sorbent or its modification (Chapter 3.1), e.g., in terms of hydrophobic
properties can also be considered. In this respect, even new sorbent regeneration strategies
are developed, e.g., moisture-swing-adsorption.101,102,232 Here, the sorbent adsorbs CO2 in
dry state and releases it under humid conditions. Thus, water desorption and attributed
energy penalties are reduced. However, these concepts require comparatively dry ambient
conditions, which limits the free choice of location for the DAC unit.

Even if the severe influence of H2O co-adsorption is well-known and significant research
is conducted to understand its mechanistic characteristics (Section 3.1.2), only a limited
amount of studies consider this phenomenon from an unit operation or process point
of view.103,104,137 However, with regard to the scope of realizing a highly energy efficient
process, handling water co-adsorption can become crucial. Thus, this chapter is dedicated
to a more detailed quantification of this non-ideality and to the development of tailor-
made measures to reduce its influence on the DAC process energy balance.

5.2 Quantifying the influence of water co-adsorption

Chapter 3 provides information on H2O co-adoption based on single component adsorp-
tion isotherms. Significant higher equilibrium capacity of H2O (9 mol kg−1) compared to
CO2 (1 mol kg−1) achieved under ambient conditions hints at a severe influence of H2O
co-adsorption. A quantitative analysis with respect to the process energy balance (Sec-
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5 Handling water co-adsorption

tion 5.2.1) and mass balance on an unit operation level (Section 5.2.2) is required to allow
for more profound statements with regard to its influence on a process level.

5.2.1 Energy penalty of water co-adsorption

Modification of the criterion for autothermal operation (2.4) by the heat requirement of
H2O co-adsorption

−∆h◦rea,Sab ≥−∆hads,CO2 −∆hads,H2O · φ∆qwor,H2O,∆qwor,CO2

+
cp,Sor ·∆Tlos,DAC

∆qwor,CO2

= qdem,DAC,spenCO2

(5.1)

allows estimating its influence on the process energy balance. The variable
φ∆qwor,H2O,∆qwor,CO2

is the ratio between the H2O and CO2 working capacities achieved,
and ∆Tlos,DAC = (1− ηint,the) ·∆Tads,des combines the efficiency of sorbent sensible heat re-
covery and cycle temperature difference of the DAC process. For the sake of clarity, (5.1)
explicitly neglects contributions arising from the sorbate sensible heat that will, besides
others, depend on the ambient conditions present, e.g., on the maximum loading reached
during adsorption. Thus, qdem,DAC,spenCO2

gives the minimum CO2-specific heat required

in the case of H2O co-desorption as a function of φ∆qwor,H2O,∆qwor,CO2
.
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Figure 5.1: Influence of working capacity ratio φ∆qwor,H2O,∆qwor,CO2
on CO2-specific energy demand

of the DAC unit qdem,DAC,spenCO2
for sensible heat losses of the sorbent proportional to a thermal

slip ∆Tlos,DAC of (a) 2.5 K and (b) 5 K. Working capacities ∆qwor,CO2 of 0.25, 0.5, 0.75 and
1 mol kg−1 are investigated (-). Heat release by Sabatier reaction −∆h◦rea,Sab (2.I) is denoted by a
dashed line (- -). Desorption of species at TDACDes

= 100 °C is assumed. Thermophysical properties
used in the evaluation are summarized in Appendix C.1.

Figure 5.1 evaluates (5.1) for selected values of ∆Tlos,DAC. In the best case, maximum
ratios of φ∆qwor,H2O,∆qwor,CO2

in the order of magnitude of 1.9 are allowed if autothermal
operation is aspired. Strong influence of CO2 working capacity on qdem,DAC underlines the
important contribution of the sorbent sensible heat, which increases with higher values
of ∆Tlos,DAC. High values of ∆Tlos,DAC and low CO2 working capacities can result in a
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5.2 Quantifying the influence of water co-adsorption

significant decrease of the maximum allowed amount of H2O co-desorbed per mole CO2

captured to levels below 1.5. This is significantly less than the ratio between the H2O and
CO2 equilibrium loading on Lewatit reached under ambient conditions, which was found
to be in the order of 9 (Chapter 3). Consequently, the evaluation on an isotherm level
indicates that autothermal operation is not possible without consideration of strategies
to reduce H2O co-adsorption-induced energy penalties.

5.2.2 Water desorption on unit operation level

The analysis at the single particle level only allows for a limited insight into the impact of
H2O co-adsorption, as various degrees of freedom that arise at an unit operation level are
not considered. But in-depth analysis at an unit operation level would require detailed
information on the 2-component isotherm and kinetics of the ad- and desorption process
that are neither available for Lewatit (Chapter 3) nor for other SAS 104. In this respect,
application of equilibrium adsorber models can provide a reasonable estimate with regard
to the worst-case scenario.
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Figure 5.2: Working capacity of H2O ∆qwor,H2O as a function of CO2 working capacity ∆qwor,CO2

based on application of an equilibrium adsorber model (Appendix C.2). (a) Co-current and (b)
counter-current operation are investigated for desorption temperatures Tdes ranging 30 – 100 °C,
equally distributed in intervals of 10 °C.

Figure 5.2 visualizes the evolution of H2O working capacity ∆qwor,H2O as a function
of CO2 working capacity ∆qwor,CO2 , determined based on application of an equilibrium
adsorber model (Appendix C.2). Independent of the operation mode significant influ-
ence of desorption temperature Tdes is revealed. High temperatures favor CO2 over H2O
desorption, especially in counter-current operation. Thus, one may conclude that opera-
tion at the highest temperature that is allowed by the stability of the sorbents (∼ 100 °C,
Section 3.3.2) is beneficial with respect to H2O co-adsorption.

Besides this similarity, significant differences in the evolution of ∆qwor,H2O between the
operation modes are revealed. In co-current operation (Figure 5.2(a)) lines of constant
desorption temperature are of a sigmoidal shape, whereas these take the form of straight
lines in the counter-current mode (Figure 5.2(b)). This leads to the observation that
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5 Handling water co-adsorption

at low desorption temperatures, co-current operation can become favorable with respect
to the CO2-specific amount of H2O desorption, whereas counter-current operation seems
superior for desorption at elevated temperature levels. For the intended operation at
high desorption temperatures and high working capacities, H2O : CO2 minimum working
capacity ratios in the order of magnitude of 3.4 are obtained. These are significantly
lower compared to the ratio of the species equilibrium loadings of about 9 obtained from
isotherm analysis for ambient conditions (Chapter 3). But even these values still exceed
the maximum level of H2O co-adsorption allowed (Figure 5.1) by a factor of more than
1.8. Consequently, this analysis confirms that measures to counteract energy penalties
attributed to H2O co-adsorption will become crucial from an energy point of view.

Analysis of the equilibrium adsorber model also allows for statements with respect
to the DAC unit product gas composition. Figure 5.3 summarizes this information for
co- and counter-current operation. Severe influence of desorption temperature Tdes and
relative CO2 working capacity

∆qwor,CO2,rel =
∆qwor,CO2

qeql,CO2,Amb

(5.2)

is revealed. High-temperature operation allows for elevated CO2 partial pressures in the
gas phase, reasoned in the endothermic characteristic of the desorption process. Focusing
on co-current operation (Figure 5.3(a)), significant decrease in CO2 partial pressure with
increasing relative working capacity is observed. Consequently, realization of high relative
working capacities in this operation mode requires intensive use of additional strip gas
or operation below atmospheric pressure. Both alternatives involve high costs and the
question of additional gas purification steps, in dependence of the strip gases used, has to
be answered.
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Figure 5.3: Partial pressure pPro,DAC,iSpe
of CO2 (-) and H2O (- -) in DAC product gas, in de-

pendence on desorption temperature Tdes, evaluated based on an equilibrium adsorber model (Ap-
pendix C.2). (a) Co-current and (b) counter-current operation of the DAC unit is investigated for
relative working capacities ∆qwor,CO2,rel ranging 0.2 – 0.8 and 0.2 – 1, respectively, equally spaced
in intervals of ∆qwor,CO2,rel = 0.2. Moreover, the limiting case ∆qwor,CO2,rel → 0 is shown.
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5.3 Counteracting the influence of water co-adsorption

On the contrary, the counter-current operation (Figure 5.3(b)) can benefit from high
working capacities. Increase of CO2 : H2O partial pressure ratio in the gas phase with rising
relative working capacity is observed and severe influence of desorption temperature is
confirmed. Only at temperature levels below 75 °C H2O partial pressure is observed to
be a function of ∆qwor,CO2,rel. This is attributed to the possibility of complete desorption
of this specie at low-temperature operation in the desorption step. Overall, superiority
of the counter-current operation mode is confirmed, especially in the more economically
relevant region of elevated relative working capacities.

Concluding, the analysis given reveals high influence of H2O co-adsorption. In the best
case scenario H2O : CO2 desorption ratios of about 3.4 can be reached. Consequently,
efficient strategies to avoid H2O co-adsorption or to limit its influence on the process mass
and energy balance are required. In the counter-current operation mode, the analysis of
the components’ partial pressures reveals necessity of additional strip gas use or of low-
pressure operation if the desorption step is performed below a temperature of about 99 °C.
Even if these tendencies are not as pronounced as in the co-current operation mode, they
still need to be taken into account in the analysis to follow.

5.3 Counteracting the influence of water co-adsorption

Severe impact of H2O co-adsorption on a mass and energy level is revealed (Section 5.2)
that motivates measures to limit its influence. After evaluation of approaches available
(Section 5.3.1), in-depth analysis of a promising post-desorption concept is performed
(Section 5.3.2) and the overall concept to be used is discussed (Section 5.3.3).

5.3.1 General considerations

As shown in Figure 5.4, the different concepts investigated might be assigned to the
categories: adsorption – avoiding H2O adsorption, desorption – avoiding H2O desorption
and post-desorption – gas separation and heat recovery.

CO2
CO2CO2

H2O

H2O
H2OH2O

Handling H2O co-adsorption

Adsorption Desorption Post-desorption

Feed gas
(location,

pretreatment)

Sorbent
(selection,
modification)

Kinetics
(coating,
membrane)

Strip gas Kinetics
(coating,
membrane)

Gas
separation

Heat
recovery

Figure 5.4: Measures to counteract the influence of water co-adsorption. Strategies are categorized
into adsorption, desorption and post-desorption concepts. Solid arrows (-) indicate large streams,
whereas dashed arrows (- -) resemble streams of small magnitude.
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5 Handling water co-adsorption

Avoiding H2O adsorption might be achieved by modification of the DAC feed gas,
selection of sorbent properties or use of kinetic effects. An approach that is commonly
applied in point source capture is feed gas pretreatment, e.g., predrying to avoid H2O
co-adsorption in subsequent process steps.137 But in DAC applications the feed gas is
ambient air and the CO2-specific energy required to change its thermophysical state can
not be afforded by DAC systems (Section 2.2).36 Nevertheless, feed gas properties might
be adjusted by selection of the location where the DAC unit is built. Realization of DAC
in areas with low relative humidity can reduce H2O co-adsorption. But even in hot deserts
the mean annual relative humidity is typically in the range of 40 – 50 %.233 Even if these hu-
midity levels are significantly below the global mean, latitude-averaged values that range
70 – 85 %,234 these still result in considerable H2O co-adsorption of more than 3 mol kg−1

(Figure 3.8(a)). Moreover, high temperatures present would significantly reduce the CO2

capacity of the sorbent (Figure 3.5). Consequently, selection of the operation site can
reduce the problem of H2O co-adsorption, but does not solve it to a satisfactory degree.

Also sorbent selection and modification with respect to hydrophobic properties might
be considered. From an operation point of view, use of hydrophobic sorbents that only
allow for limited amount of H2O adsorption would be favorable. The fact that the problem
of H2O co-adsorption is well-known from point source capture since a long period of time
might give cause for pessimism with respect to the fast development of hydrophobic
sorbents. But dealing with moisture becomes a key challenge in DAC applications.41 In
this respect, the intensified research for DAC sorbents currently conducted (Section 3.1)
might reveal new strategies with regard to hydrophobic sorbent designs.

In contrast to the aforementioned strategies that focus on a modification of the H2O
equilibrium loading, measures that favor the overall CO2 adsorption kinetics compared to
the H2O adsorption kinetics might be taken into account. Use of hydrophobic membranes
or coatings can help to decrease the kinetics of H2O ad- and desorption. In this respect,
high ratios φpH2O,pCO2

between the partial pressure of H2O and CO2 during adsorption
and desorption, e.g., φpAmb,H2O,pAmb,CO2

= 63.6 at a relative humidity φrh,Amb of 80 %
and φpPro,DAC,H2O,pPro,DAC,CO2

= 3.4 estimated based on counter-current operation with
Tdes = 100 °C, respectively, suggest the need for realization of high separation factors.
Experimental investigations by Scholes et al.235,236 indicate design of membranes that
favor CO2 over H2O transport to be possible, e.g., by use of perfluorinated polymeric
membranes. However, H2O : CO2 selectivities SH2O,CO2 presented in these studies235,236

are still in the order of magnitude of one, e.g., SH2O,CO2 = 0.8 is obtained for Teflon
AF1600 membranes.236 Based on the analysis given, this is significantly below the levels
of water retention required. Also with regard to an efficient sorbent–CO2 contacting,
use of membranes or coatings seems unfavorable, such that application of this strategy
currently does not seem beneficial.

With focus on H2O desorption-based strategies, an additional measure to drive back
H2O desorption can be the use of water vapor strip gas. As the adsorption enthalpy can
considerably exceed the heat of evaporation, typically 1.2·∆hlv.∆hads. 3.0·∆hlv,127 this
approach can significantly reduce the process heat requirement. But the influence of this
measure on the process energy balance is limited as H2O adsorption on Lewatit is found to
be dominated by physisorption (Section 3.2.3.1). Generation of water vapor comes with
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5.3 Counteracting the influence of water co-adsorption

additional energy costs, such that, without an efficient heat or vapor recovery strategy,
the heat requirement is simply shifted from the DAC unit to the vapor generation. This
indicates that post-desorption recovery strategies, which combine gas separation and heat
recovery steps, might become promising measures.

Overall, the analysis given reveals various research priorities to limit the influence of
H2O co-adsorption. From an engineering point of view post-desorption recovery strategies
that are discussed in more detail in Section 5.3.2 seem most promising.

5.3.2 Post-desorption recovery

Post-desorption recovery focuses on the energy rather than mass balance. Two options
for its efficient realization might be considered. These are:

1. Vapor recovery: reuse as strip gas and avoidance of vapor generation

2. Recovery of heat stored in H2O vapor

Membrane- (Figure 5.5(a)) or sorbent-based concepts (Figure 5.5(b)) might be applied
to realize the first approach. Low CO2 selectivities (Section 5.3.1) and large streams of
H2O to be separated compared to the CO2 product gas flow argue against membrane use.
Moreover, a comparatively high level of water vapor recovery is required. This results,
e.g., in the need for high transmembrane pressure differences. On the other hand, removal
of water by adsorbents, e.g., zeolites237, at high temperatures is possible, if the temper-
ature cycle of the adsorber works between the temperature level of Sabatier reaction
and DAC unit. This would shift the temperature level of the heat source available from
the Sabatier reaction to the adsorption temperature of the adsorbent. However, energy
supply by Sabatier reaction is a limiting factor that restricts the applicability of this
concept to H2O : CO2 ratios below the order of magnitude of 2. In addition, a considerable
amount of water would have to be adsorbed compared to the CO2 product flow, which
is associated with a high sorbent mass needed and high heat flows. Consequently, use of
membrane- or sorbent-based strategies does not appear to be advantageous.

As an alternative to the aforementioned strategies, direct recovery of the heat stored
in water vapor by means of high-temperature condensation is considered. This can be
realized through mechanical vapor recompression (MVR), well known from particle drying
processes238 or from heat integrated distillation columns239. Compared to the alternatives
evaluated, this concept is characterized by low energy flows and equipment costs, while
being based on a simple, technologically mature approach. Figure 5.6 visualizes the
promising multi-stage MVR concept proposed within the framework of this contribution.
A more detailed analysis of the water recovery (Section 5.3.2.1) and of the heat integration
potential compared to the compression energy requirement (Sections 5.3.2.2 - 5.3.2.3) is
given in the subsequent sections. Detailed information with respect to the modeling
performed is summarized in Appendix C.3.

5.3.2.1 MVR: water recovery and product gas mole fractions

Figure 5.7(a) analyzes the H2O fraction recovered at high temperatures in MVR φrec,H2O

for DAC educt gas compositions achieved at desorption temperatures of 80, 90 and
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Figure 5.5: Simplified visualization of (a) membrane- and (b) sorbent-based strategies to limit H2O
co-adsorption influence on the process. Only the desorption zone of the DAC process is shown.
For sorbent-based strategies, a lumped visualization of the water adsorber cyclic operation is used.
The order of magnitude of heat sources and sinks per mole of CO2 captured qiU,spenCO2

(-) at their

characteristic temperature levels TiU (· ·), required for heat integration, are shown. Possible heat
integration between the water adsorber and DAC unit Q̇ext is visualized.

100 °C in counter-current operation mode. A minimum temperature difference between
the two units ∆Tdf,MVRCon,DACDes

of 10 K is assumed. Compression pressure levels pfin

ranging 1 · 105 – 10 · 105 Pa are investigated. In dependence of the H2O content present
critical pressure levels need to be overcome before condensation can take place. Above
these thresholds severe increase in φrec,H2O is observed. Sensitivity of φrec,H2O on pressure
significantly decreases in the high-pressure regime. Moreover, comparison of the scenarios
with additional inert strip gas use with the corresponding cases in which only H2O
and CO2 are achieved as DAC product gases, e.g., high-temperature or low-pressure
operation in DAC unit desorption zone, indicates a severe influence of inert gases on the
efficiency of the MVR unit.

Diverse influence of DAC desorption temperature level TDACDes
is observed. Lower

temperature allows for lower partial pressure of H2O in the product gas, but also results
in higher H2O : CO2 desorption ratios (Figure 5.2) and possible higher (inert) strip gas
content. Without additional strip gas use, increase of temperature has a negative ef-
fect on φrec,H2O, whereas with additional strip gas use, a positive influence is observed.
Figure 5.7(b) confirms this observation by quantifying the molar amount of water not
recovered per mole CO2 captured. Limited influence of operation temperature TDACDes

at
intermediate and high pressure levels pfin achieved after MVR is observed in the absence
of inert strip gas. However, with additional strip gas use severe influence of operation
temperature is noticed, especially in low-pressure operation of the MVR unit.

5.3.2.2 MVR: operation at constant compression ratio

Based on a reference DAC product gas composition of yPro,DAC,CO2 ≈ 0.23,
yPro,DAC,H2O≈ 0.77 and yPro,DAC,Ine = 0, obtained for counter-current DAC operation at
TDACDes

= 100 °C, more detailed insight into the influence of final operation pressure pfin

and of the number of compression stages ICom = ICon on the DAC – MVR energy balance
is given by Figure 5.8. Multi-stage compression with constant compression ratios is as-
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Figure 5.6: Sketch of ICon-stage mechanical vapor recompression for the recovery of water vapor
heat of evaporation. For reasons of clarity DAC unit cyclic operation, heat recovery within this
unit as well as strip gas use and water recycle is not shown in detail. Heat flows between the
units are visualized by dotted arrows (· ·). Q̇ConiCon

denotes the overall heat source characteristic
of condenser iCon. In this figure the lumped specie Air does not include the components H2O and
CO2. Figure reproduced from Drechsler and Agar240.

sumed. Intermediate condensation takes places at 110 °C. More detailed insight into the
models used is provided in Appendix C.3.

Figures 5.8(a) - 5.8(c) investigate the CO2-specific contributions to the DAC – MVR
energy balance, which reads

eMVR-DAC,Σ,spenCO2

= qdes,CO2,spenCO2

+ qdes,H2O,spenCO2

+ q∆Tdf,MVRCon,DACDes
,spenCO2

= eadi,spenCO2

+ eCom,spenCO2

+ q0
con,spenCO2

.
(5.3)

Contributions from the desorption of CO2 qdes,CO2,spenCO2

and of H2O qdes,H2O,spenCO2

as well as from the temperature change of the gas phase from DAC to MVR outlet
q∆Tdf,MVRCon,DACDes

,spenCO2

need to be compensated by additional energy supply to the sys-

tem eadi,spenCO2

, energy input by compression eCom,spenCO2

and heat release by the conden-

sation of water q0
con,spenCO2

.

In the low-pressure region (pfin. 1.84 · 105 Pa), only an exchange between the energy of
compression and additional energy requirement of the system is found. This is attributed
to the aspect that no condensation takes place in this region. Potential for significant
exchange of additional energy requirement by heat of water condensation is revealed at
pressure levels that only slightly exceed the pressure level of first condensation. But the
heat recoverable by condensation is limited by the amount of water present. Consequently,
already at intermediate pressure levels (∼ 4 · 105 Pa) the sensitivity of heat recovery on pfin

significantly decreases. This leads to the observation that at high pressure levels changes
in the energy balance are dominated by an exchange between additional energy supply to
the system and energy input by compression. In this respect, an increase in the number
of compression stages can reduce the sensitivity of compression energy requirement on
pfin. Whereas a severe change between 1- and 2-state compression is observed, realization
of a third compression stage only results in a comparatively small variation in the graphs
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Figure 5.7: Influence of MVR pressure level pfin and DAC unit desorption temperature TDACDes

on (a) the water recovery φrec,H2O and (b) the ratio between the water not recovered and the CO2

captured φṅMVR,out,G,H2O,ṅMVR,out,G,CO2
. φrec,H2O is investigated for desorption temperatures TDACDes

of 80, 90 and 100 °C. In the analysis of φṅMVR,out,G,H2O,ṅMVR,out,G,CO2
isolines for pressure levels of

3 · 105, 5 · 105 and 10 · 105 Pa are depicted. Scenarios that include operation with (- -) and without
(-) additional use of inert strip gas are considered. The condenser is operated 10 K above TDACDes

.

shown. Consequently, for the pressure range considered, limitation of the compression
stage number to a maximum of three stages seems reasonable. Operation in the vicinity
of the pressure level of first condensation seems beneficial if solely considering the DAC –
MVR system. Pressurization to elevated levels in view of the integrated DAC – PtG
process can be realized without significant increase in the compression power required.

A comparison with the heat release by Sabatier reaction shown as a reference in Fig-
ures 5.8(a) - 5.8(c) suggests that application of MVR can ensure autothermal operation of
an integrated DAC – PtG approach in the limiting case analysis, i.e., the energy supply
by Sabatier reaction is larger than the additional heat requirement eadi,spenCO2

. The results

shown indicate the availability of excess heat in the order of magnitude of 100 kJ per mole
CO2 captured. This seems to be sufficient to satisfy the sensible heat demands of the
heat integrated DAC approaches proposed (Figures 4.13(c) and 4.14(c)). However, high
recovery of the heat stored in water vapor is paid for with additional compression energy
requirement eCom,spenCO2

. Figures 5.8(d) - 5.8(f) investigate this aspect by comparing the

influence of the pressure level pfin at the multi-stage compressor outlet on the ratio

φqCon,eCom
=
qCon,spenCO2

eCom,spenCO2

(5.4)

between the overall CO2-specific heat release in the condensers qCon,spenCO2

and the com-

pressor energy requirement eCom,spenCO2

. The combination of low energy input by the

compressor and no heat release by condensation results in negative values of φqCon,eCom
at

low pressure levels, as the condensers act like heaters in this operation range. Convergence
of φqCon,eCom

to one before the minimum condensation pressure level is reached underlines
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Figure 5.8: (a)-(c) Contributions to the MVR – DAC energy balance, visualized in color tones from
bright to dark: additional heating power eadi,spenCO2

, compression energy requirement eCom,spenCO2

and heat release by condensation of water q0
con,spenCO2

. The dashed line (- -) represents the heat

release for a 100 % conversion of the captured CO2 in Sabatier reaction. The evolution of the
energy ratio φqCon,eCom is visualized in (d)-(f). Influence of final operation pressure to be achieved in
MVR pfin and of number of compression stages with intermediate cooling to 110 °C is investigated.

the exchange of additional heat supply with compression energy input in the low-pressure
regime. Further raise of pfin leads to a significant increase of φqCon,eCom

. Levels reached by
this indicator larger than five indicate application of vapor recompression to be promis-
ing from a heat integration point of view. In this respect, minor decrease of φqCon,eCom

with pressure in case of multi-stage compression underlines the superiority of this process
configuration if high-pressure operation is aspired.

Formation of multiple maxima and of unsmooth trajectories of φqCon,eCom
as a function

of pfin is noticed for compression stage numbers greater than one. Detailed analysis reveals
that these observations result from the interactions between condensation, i.e., reduction
of gas phase volume flow, and compression energy requirement. Figure 5.9 exemplifies the
results of this investigation by evaluating the influence of the intermediate compression
pressure level pComi ,out on the overall compression power demand eCom,spenCO2

. Formation

of multiple minima is confirmed. Overall, the analysis given motivates a more detailed
optimization of MVR operation in Section 5.3.2.3, which aims at determination of the
optimal operation point and at analysis of the possible benefits that arise from operation
at non-equal pressurization stages.
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Figure 5.9: MVR compression energy requirement in dependence of the intermediate compression
pressure. (a) Influence of the pressure level of the first compression stage pCom1,out on the overall
compression energy demand eCom,spenCO2

of a 2-stage compression. The position of the minimum

compression energy requirement is denoted by a star (∗). (b) Dependency of eCom,spenCO2

on the

pressure levels of the first (pCom1,out) and of the second compression stage (pCom2,out) for MVR with
three compression stages. Pressures pfin of (a) 2.5 · 105 Pa and (b) of 5 · 105 Pa are investigated.

5.3.2.3 MVR: optimization of the compression ratio

The global optimization problem

min
~pCom

eCom,spenCO2

=
∑
iCom

eComiCom
,spenCO2

(5.5a)

s.t. pDACDes,out ≤ pComiCom
≤ pfin (5.5b)

pComiCom
≤ pComiCom+1

(5.5c)

is solved to investigate MVR operation at optimal compression ratios. Matlab®178 fmin-
con routine is used in combination with multiple starting points and definition of specific
search regions to determine the global minimum energy requirement for compression from
the DAC unit outlet pressure pDACDes,out to a defined final operation pressure pfin. The re-
gion boundary for the 2-stage compression is defined at pCom1 = psat,H2O (TCon, yPro,DAC,H2O)
resulting in two different search regions, whereas for the 3-stage compression three dif-
ferent regions are separated by the boundaries: pCom1 = psat,H2O (TCon, yPro,DAC,H2O) and
pCom2 = psat,H2O (TCon, yPro,DAC,H2O).

Figures 5.10(a) and 5.10(d) compare the energy ratios φqCon,eCom
obtained for operation

with equal and optimized compression ratios. No unsmooth evolution or formation of local
maxima is observed at elevated pressure levels in the optimized scenarios. This confirms
the observation that these characteristics result from water condensation, the appearance
of which subdivides the compression power maps (Figure 5.9) in regions connected by
unsmooth transitions. Only comparatively small differences between the optimized and
non-optimized scenarios are noticed, especially at elevated operation pressures. Thus, in
dependence of the operation pressure aspired, the benefit of reduced compression energy
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Figure 5.10: Influence of the final operation pressure pfin on energy ratio φqCon,eCom
, compression

ratio φp,ComiCom
and compressor outlet temperature TComiCom

,out for 2- and 3-stage MVR operation
with optimized intermediate pressure levels. Energy ratios obtained in the optimized (-) and
non-optimized (- -) scenarios are shown in (a) and (d). Moreover, a comparison of the different
compression stages: iCom = 1 (-), iCom = 2 (- -) and iCom = 3 (· ·) is given in (b) – (c) and (e) – (f).

obtained in the optimized scenarios might be outrun by the economic advantage arising
from a simple operation with equal compression ratios.

Even if comparatively small differences in φqCon,eCom
between the optimized and non-

optimized scenarios are observed, this does not reflect in the optimized compression ratios
φp,ComiCom

shown in Figures 5.10(b) and 5.10(e). Even in the absence of condensation,
φp,ComiCom

does not take the same values per compression stage, reasoned in the difference
between the compressor inlet temperatures of the first and subsequent stages. This leads
to the effect that at very low final operation pressure no compression in the second and
third stage is observed.

Focusing on 2-stage MVR operation (Figure 5.10(b)), a significant change of the com-
pression ratios slightly above the minimum pressure of first condensation is visible. Re-
duction of gas phase volume by condensation after the first compression stage is favorable
from an energy point of view. Thus, the compression ratio of the first stage increases,
whereas the level of gas phase compression within the second stage is reduced. However,
the amount of water condensable is limited and the sensitivity of water recovery on pres-
sure decreases with increasing pressure (Figure 5.7(a)). This leads to the effect that the
benefit of further reduction of the gas phase volume flow by an increase of the 1-stage com-
pression ratio is run out by the advantage of less energy intensive compression of a smaller
gas phase volume in the second stage. Hence, a greater increase in the compression ratio
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of the second compared to the first compression stage is observed with further increase of
pfin, such that compression within the second stage is favored at high levels of pfin.

An even more complex influence of pfin on φp,ComiCom
for 3-stage MVR operation is

visualized by Figure 5.10(e). In accordance with the division of the compression power
map into three regions indicated by Figure 5.9(b), an additional unsteady transition of
the optimized compression ratios φp,ComiCom

as a function of pfin is observed. Moreover,
the order of the compression stages slopes as a function of pfin is noticed to increase with
iCom in the high-pressure region. This again underlines the importance of a more energy
efficient compression of smaller gas phase volumes at elevated pressure levels.

The aim of maximum high-temperature heat recovery for DAC forces the MVR unit
to be operated at comparatively high levels of water recovery and of compressor inlet
temperatures. As shown by Figures 5.10(c) and 5.10(f), this can result in high compres-
sor outlet temperatures TComiCom

,out. For 2-stage operation, maximum temperatures of
up to 276 °C are reached that might exceed the mechanical stability limit of the com-
pressors (∼ 260 °C)241. 3-stage MVR allows for lower maximum discharge temperatures
that stay below the mechanical stability limit. This suggests that operation with three
or more compression stages is beneficial from a mechanical point of view. On the other
hand, use of equal compression stages can reduce the maximum discharge temperature (2-
stage: TCom,max = 261 °C, 3-stage: TCom,max = 212 °C at pfin = 10 · 105 Pa). Thus, given the
comparatively small difference in energy ratio between the optimized and non-optimized
pressure ratios achieved at elevated levels of pfin, one might consider sacrificing the ad-
vantage of lower energy requirements in favor of lower maximum discharge temperatures.

5.3.3 Concept to counteract the influence of water co-adsorption

Sections 5.3.1 and 5.3.2 evaluate strategies to overcome the energy penalty arising from
H2O co-adsorption. Especially post-desorption concepts seem promising. These engineer-
ing approaches can efficiently limit the impact of H2O co-adsorption on the process energy
balance, and their applicability is nearly independent of the sorbent selected. Moreover,
these strategies are based on mature technologies, ready to be applied on a large scale,
whereas, even if being intensively researched,67 tailor-made DAC sorbents are still in a
more early stage of development.

Based on these considerations a post-desorption approach that comprises:

• Stripping with water vapor to avoid excessive H2O desorption

• Use of multi-stage MVR for high-temperature recovery of water and of its heat of
condensation

is pursued. In this respect, a crucial advantage of the intensified heat integrated DAC
concepts proposed (Section 4.2) is revealed: these concepts transform the cyclic operation
from the time to the spatial domain, which results in steady state operation in time.
This significantly simplifies the control of humidity levels during the desorption process
compared to common approaches in which the state variables are a function of time and
of space. Use of water vapor as strip gas would require a change of the DAC unit strip
gas inlet to regions of higher temperature and the control of temperature profiles in the
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desorption zone. These measures are needed to limited water desorption and to avoid
significant adsorption of water vapor. On the basis of the designs proposed in this work
(Chapter 4), realization of this requirements with common engineering tools seems possi-
ble. However, the lack of data with regard to the 2-component adsorption isotherms and
kinetics (Chapter 3) currently hinders the detailed modeling of this concept. Nevertheless,
simplified representations of the moving bed and belt concepts by equilibrium-based mod-
els (Appendix D.2.2) can allow for basic insights into the DAC operation characteristics
in an intensified energy and mass integrated DAC –PtG process (Chapter 6).

5.4 Summary and conclusion

The findings presented in Chapter 4 reveal a high potential for the realization of an
intensified heat integrated DAC process in an ideal setting, in which solely CO2 adsorption
is taken into account. But H2O co-adsorption (Chapter 3) can lead to severe energy
penalties that challenge the feasibility of autothermal operation.

Section 5.1 State of the art
summarizes the current state of knowledge with regard to the limitations resulting from
H2O co-adsorption. Strategies to overcome this burden are discussed.

Section 5.2 Quantifying the influence of water co-adsorption
extends the criterion for autothermal operation by the influence of H2O co-adsorption
(Section 5.2.1). Maximum levels of H2O desorption allowed are found to be a factor of
more than 4.7 smaller than the sorbent H2O loading obtained under ambient conditions.
Investigations on an unit operation level (Section 5.2.2) underline the potential to lower
H2O co-desorption compared to considerations drawn from isotherm analysis. Counter-
current operation at high desorption temperatures is found to favor high CO2 : H2O
desorption ratios. Levels of H2O desorption of 3.4 moles per mole CO2 desorbed still
seem prohibitively high.

Section 5.3 Counteracting the influence of water co-adsorption
evaluates strategies to counteract H2O co-adsorption (Section 5.3.1). Adsorption-,
desorption- and post-desorption-based strategies are discussed. Realization of multi-stage
mechanical vapor recompression (MVR) is found to be promising (Section 5.3.2). In-
depth modeling and optimization reveal a strong influence of H2O condensation on the
compression energy demand and on the optimized compression stage levels. Based on
these results the overall concept to limit the influence of H2O co-adsorption pursued in
this contribution (Section 5.3.3) is presented. It focuses on a post-desorption approach
that comprises MVR and H2O vapor strip gas use to limit the amount of water desorption
and to control the process mass and energy balance by efficient high-temperature water
recovery.

The analysis performed allows to quantify the influence of H2O co-adsorption on a mass
and energy level. The concept derived to limit its influence is based on mature tech-
nologies. This enables a straightforward integration of this approach into the overall
DAC – PtG process investigated in Chapter 6.
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Abstract
Integration of DAC technologies in PtG approaches incorporates the exceptional potential
of closing the carbon cycle by production of methane based solely on renewable energy
supply and on ambient air as raw material source. The intensified use of renewable energy
sources is promoted by the process proposed through realization of efficient electric
energy storage via chemical reaction and through implementation of water electrolysis as
a measure to balance the electric grid. Detailed process simulation and pinch analysis
reveal strong couplings between the different process sections that can result in beneficial
synergies within an intensified mass and energy integrated DAC – PtG process. High
potential for resource efficient, autothermal production of methane based on carbon
dioxide and water captured from ambient air is underlined. Especially DAC and electrol-
ysis operation points are identified to become crucial with respect to process performance.

This chapter is structured as follows:

Section 6.1 State of the art
gives a brief overview of the current state of research with respect to carbon source – power-
to-X (PtX ) technologies. Special focus is placed on the integration of DAC technologies
in PtG concepts.

Section 6.2 Methanation of CO2

investigates the reaction mechanisms of CO2 methanation in detail. Beneficial operation
parameters and reactions to be considered are identified.

Section 6.3 Process design and key process units
summarizes the synergies arising within the intensified integrated process design and
provides a detailed analysis of the electrolysis and reactor unit.

Section 6.4 Process performance
evaluates the process performance with special focus on resource efficiency and on poten-
tial for autothermal operation. In addition to the analysis of the process water balance
and of the DAC unit operation point, a detailed investigation of energy flows within the
process is performed.

Section 6.5 Summary and conclusion
gives a brief summary of the results and implications drawn from the process analysis.



6.1 State of the art

6.1 State of the art

Chapters 2 - 5 provide an intensified integrated concept for the direct capture of CO2

from air. However, strategies for long-term storage or for use of CO2 are required to
enable an efficient use of DAC as a measure against global warming. Among the various
scenarios discussed in Section 1.2, integrated operation of DAC and PtG seems very
promising. Detailed life cycle assessment (LCA) indicates that activation of CO2 by H2,
produced on a renewable basis, to form CH4 can be environmentally beneficial.69,70,242,243

Versatile strategies for use of the methane produced can be pursued. Usage as SNG comes
with the advantage of existing well-developed infrastructures and conversion processes,
incorporating the potential of closing the carbon cycle on a global scale.73,75 Additionally,
methane pyrolysis77,244 becomes an option that allows for use or for safe long-term storage
of the solid carbon produced, while valuable hydrogen can be recovered.

Energy demands and selection of energy sources, e.g., renewable electricity supply for
electrolysis-based hydrogen production, are crucial for the ecologic benefit of CO2-based
methane production.70,242,243 An increasing share of renewables in the energy supply is
expected. For the EU-27, contributions of about 50 % of these energy sources by 2050 are
estimated.245 However, unsteady energy supply by wind or solar power calls for measures
to balance fluctuations in the electric grid.246 In this respect, the multiple benefits that can
arise from realization of integrated DAC – PtG concepts are revealed. These technologies
enable carbon neutrality of sectors difficult to be decarbonized in the short period of time
available (Section 1.1.3), e.g., of aircraft. Moreover, several studies247–249 indicate PtG
concepts to be an efficient measure to balance the electric grid. This can pave the way
for a reliable energy supply based on renewable sources.

PtG concepts have intensively been researched.246,250,251 More than 40 pilot-plants
have been realized.252 From an engineering point of view, research focuses on electrolysis
design and integration,246,253 e.g., alkaline (AE ), polymer electrolyte membrane (PEM )
or solid oxide (SOEC ), and on the methanation process itself. Biological and chemically
catalyzed processes, operating at temperature and pressure levels of 20 – 70 °C and
1 · 105 – 10 · 105 Pa, 200 – 550 °C and 1 · 105 – 100 · 105 Pa, respectively, are proposed.246

With regard to the chemical approaches, profound information on reactor design,246

e.g., fixed bed254, fluidized bed255, three-phase methanation256 or structured reactors257,
and on catalyst selection246,258,259 is provided in the literature. Moreover, a variety of
studies with respect to dynamic operation260,261 and to process design262,263, including
heat integration scenarios264,265, were published. Especially electrolysis optimization and
integration of the carbon source are found to be key directions for future research.246

Carbon sources typically named for PtG applications are biogas plants, biomass gasi-
fication, industrial processes or power plants.246 Also strategies to integrate the carbon
source in the PtG concept are evaluated.262,264 However, even if the technological maturity
of PtG on its own has reached a high level, it is still not common practice to consider DAC
as the carbon source. Nevertheless, reasoned in the severe progress in the development of
DAC applications, interest in air as carbon source increases. PtG pilot plants are realized
in Switzerland, Italy and Germany within the EU project STORE&GO.266 CO2 supply
by Climeworks air capture technology is investigated at the Italian site.267 An analysis of
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new reactor designs268, as well as process modeling269 and cost estimation for optimized
PtG operation with intermediate hydrogen storage270, was realized within this project.
Also Swiss HSR project271 makes use of Climeworks DAC units105 in a pilot-scale PtG
process. But even if formulated as a project target, the DAC unit was not integrated
in the process heat management system. Focusing on more general DAC – power-to-X
(PtX ) concepts,85 one may name the SOLETAIR project.272 It aims for 100 % renewables-
based production of hydrocarbons. Besides realization of solar photovoltaic for electric
energy generation, air is used as a carbon source, with Hydrocell air capture technology197

being applied. Moreover, the CO2 educt gas for Sunfire power-to-liquid (PtL) technology
is provided by Climeworks DAC units105 within the Norwegian Heroya project106 that
aims for the production of the CO2-neutral, synthetic crude oil substitute Blue Crude.

Findings within the projects named are in line with several studies73,75,273 that underline
the high potential of sustainable hydrocarbon production based on air capture approaches.
However, DAC is generally treated as a black box carbon source or established approaches
available on the market are used, while focus is placed on the PtX concept. This neglects
the valuable synergies arising within process development that simultaneously focuses on
the PtG as well as DAC component and on their interaction on a mass and energy level.

6.2 Methanation of CO2

The concept proposed aims for use of CO2 methanation heat release to compensate for the
DAC unit heat demand. Use of chemically catalyzed methanation reaction typically op-
erated between 200 – 550 °C seems superior compared to biological-based processes with
operation temperatures commonly ranging 20 – 70 °C that contradict the aim of DAC
operation at elevated temperatures (∼ 100 °C, Chapters 4 - 5).246 To describe CO2 metha-
nation, one may consider a set of reactions258 comprising

Sabatier reaction 4 H2 + CO2 
 CH4 + 2 H2O ∆H◦rea,Sab = −165 kJ , (6.Ia)

CO hydrogenation 3 H2 + CO
 CH4 + H2O ∆H◦rea,HyCO = −206 kJ , (6.Ib)

Rev. water gas shift H2 + CO2 
 CO + H2O ∆H◦rea,rWGS = + 41 kJ . (6.Ic)

Reactions (6.Ia) and (6.Ic) provide a set of stoichiometrically independent equations
on the basis of which the influence of operation conditions on the equilibrium composition
of the methanation process is evaluated (Figure 6.1). Strong influence of the equilibrium
composition on methanation temperature TMet is noticed (Figure 6.1(a)), whereas the
influence of operation pressure pMet is found to significantly decrease at elevated pressure
levels (Figure 6.1(b)). Mole fractions of carbon monoxide well below 0.1 % indicate that
the formation of this species might be neglected under the reaction conditions aspired.
This allows for a more simple evaluation of the methanation process solely based on (6.Ia).
Strong influence of the H2O mole shares in the educt gas yMet,in,H2O on CO2 conversion
Xeql,Met,CO2 (Figure 6.1(c)) underlines the need of water removal from process gas if high
levels of conversion are to be reached. In this respect, operation at elevated pressure levels
seems beneficial to ease the removal of water and to shift the reaction equilibrium to high
levels of CO2 conversion.
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Figure 6.1: Evaluation of the reaction equilibrium of the methanation reaction based on reactions
(6.Ia) and (6.Ic). Equilibrium gas phase mole fractions yeql,Met,iSpe

of the species CH4 (-), CO2

(- -), H2 (- ·) and H2O (· ·) are evaluated in dependence of (a) operation temperature TMet and
(b) operation pressure pMet for an operation pressure pMet of 1 · 105 Pa and temperature of
TMet 300 °C, respectively. The molar composition of the educt gas reads yMet,in,CO2 = 0.2 and
yMet,in,H2

= 0.8. Mole shares of CO are not explicitly shown as these stay significantly below
0.1 %. The influence of an increase in the H2O mole fraction yMet,in,H2O in an educt gas with a
constant ratio of H2 : CO2 of four on CO2 conversion Xeql,Met,CO2

is investigated in (c). Operation
conditions are set to a methanation temperature TMet of 300 °C and pressure levels pMet of 1 · 105,
2 · 105, 4 · 105, 6 · 105, 8 · 105 and 10 · 105 Pa.

6.3 Process design and key process units

An intensified mass and energy integrated DAC – PtG process is proposed. Special atten-
tion is given to the analysis of synergies arising within the process structure (Section 6.3.1)
and to a detailed investigation of key process units (Sections 6.3.2 and 6.3.3).

6.3.1 Basic considerations

The aim of the concept proposed is the realization of autothermal, resource efficient pro-
duction of CH4 based on CO2 and H2O captured from ambient air. For this purpose the
different process sections are intensively coupled by a water and heat management system,
the basic concept of which is sketched in Figure 6.2. By means of this system, the specific
drawbacks that arise from an independent realization of the four main process sections:
DAC – heat recovery (Section 6.3.1.1), hydrogen generation (Section 6.3.1.2), reaction part
(Section 6.3.1.3) and downstream (Section 6.3.1.4) can be reduced. Table 6.1 summarizes
the key synergies that arise from an intensive coupling of these sub-processes within the
overall process structure outlined in Figure 6.3. These are discussed in Sections 6.3.1.1 -
6.3.1.5, with special attention being given to the process water balance (Section 6.3.1.5).

6.3.1.1 Process section: DAC – heat recovery

The operation of the DAC process incorporates the challenge of high heat demands.
Equilibrium adsorber models (Appendix D.2.2) of the DAC unit are used that represent
operation of the MBtA and MBdA concepts developed (Chapter 4) on a detailed level.
The application of these concepts allows for a severe reduction of the unit sensible heat
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Figure 6.2: Water and heat management system of the intensified integrated DAC – PtG process.
Heat flows are symbolized by dashed arrows (- -). Streams of water are represented by dotted
arrows (· ·). A scenario in which the electrolysis acts as heat source is shown. Heat and water
flows within the water management system as well as interactions between the heat and water
management system are not depicted. Figure reproduced from Drechsler and Agar274.

demand, but the heat consumption attributed to the desorption of CO2 and H2O still has
to be invested. In this respect, use of water vapor strip gas and of MVR (Section 5.3.2)
can minimize the energy penalty arising from water co-adsorption.

The byproduct of MVR operation at moderate temperatures and elevated pressures
is high purity liquid water with no special use. Consequently, the imperfection of H2O
co-adsorption only adds costs for CO2 drying if no use of the humid product stream
in water tolerable processes, e.g., algal biorefineries276, is intended. Integrated DAC –
PtG operation relativizes this drawback. Pressurization of the product gas comes with
the benefit of faster kinetics and higher equilibrium conversion in the reaction section.
Moreover, the water recovered in MVR can be used as feed for the electrolysis unit and
excess heat release by Sabatier reaction can become an additional heat source for DAC .

6.3.1.2 Process section: hydrogen generation

The stoichiometry of Sabatier reaction (6.Ia) indicates high pressurization energy require-
ments that result from compression of five moles educt gas per mole CH4 produced. High
purity water vapor at elevated pressures is formed as unused byproduct of this reaction.
This implies hydrogen losses of 50 % by oxidation of this specie to water. The integration
of a pressurized liquid phase water electrolysis allows to overcome both drawbacks. Use of
electrochemical compression277 can avoid energy intense hydrogen gas phase compression
and in case of water recycle (6.Ia) reduces to

2 H2 + CO2 → CH4 + O2 . (6.II)
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Table 6.1: Synergies arising within the DAC – PtG concept according to Drechsler and Agar275. In-
teractions with respect to the water balance, heat demand and operation pressure are investigated.

DAC -

heat recovery

Hydrogen

production

Reaction Downstream

Water balance Byproduct

(high purity)

Educt

(high purity)

Byproduct

(high purity)

Byproduct

(high purity)

Thermal energy Demand at low

temperature

Release or demand

at low temperature

Release at high

temperature

Demand at low

temperature

Operation pressure Gas purification

(high pressure)

Electrochemical

compression

Kinetic, eq. conversion

(high pressure)

Gas purification

(high pressure)

However, electrolysis water demand can still put a strain to fresh water resources and
additional water purification steps might be needed to provide water at the high purities
required.278,279 In this respect, recycle of water produced in Sabatier reaction and com-
pensation of additional electrolysis water demand by controlled water desorption in the
DAC unit opens up the potential of methane and oxygen production

2 H2O + CO2 → CH4 + 2 O2 (6.III)

solely based on renewable energy and on educts captured from ambient air. However, heats
of adsorption ∆hads,iSpe

typically range 1.2 – 3.0 times the heat of evaporation ∆hlv,iSpe
.127

In this perspective, even fresh water production via reverse osmosis desalination can be sig-
nificantly more energy efficient compared to adsorption-based processes.104 Consequently,
in dependence of the constraints imposed by the location selected, trade-off considera-
tions with regard to the water source selected on an economic and ecologic level have to
be taken into account.

Note that this work focuses on technological mature AE and PEM electroly-
sis.246,253,277,280 Cell temperatures can reach 90 – 100 °C,277 where operation below 80 °C
is commonly aspired.277,280 Detailed analysis of electrolysis operation, based on the unit
operation model described in Appendix D.2.3, is provided in Section 6.3.2.

6.3.1.3 Process section: reaction

Streams from the hydrogen generation and DAC – heat recovery section are mixed to
meet the stoichiometric ratio given by (6.Ia). After preheating to reaction tempera-
ture (Appendix D.3.2), conversion to methane is achieved in two catalytic reactors (Ap-
pendix D.2.9) that are modeled as isothermally operated, plug flow-type units.

Intermediate cooling allows for a shift of the reaction equilibrium to the product
side by removal of water. Minimum temperatures in the intermediate condenser of

99



6 Intensified mass and energy integrated DAC - PtG process

DAC -

heat recovery

Reaction

Hydrogen

generation
Down-

stream

DAC MVR

ReactorReactor

Adsorber

Condenser

Condenser

Condenser

Condenser

Condenser

Condenser

Condenser

Electrolysis

H2O

H2O

H2O

H2O

H2O

H2O

H2OH2O

H2O

H2O

H2O

H2O

CO2

H2O

CO2

H2O

H2

H2O
H2O
O2

CH4

H2O

CH4

(H2O)

3

CH4

CO2

H2

H2O

CH4

CO2

H2

H2O

CH4

(CO2)
(H2)
H2O

CH4

(CO2)
(H2)
H2O

CH4

(CO2)
(H2)
(H2O)

1 · 105 Pa
100 ◦C

pProc

TRea1

pProc

110 ◦C

pProc

TRea2

pProc

110 ◦C

pProc

35 ◦C
pProc

35 ◦C

1 · 105 Pa
150 ◦C

1 · 105 Pa
35 ◦C

pProc

70 ◦C

pProc

35 ◦C

pProc

70 ◦C

(H2O)
O2

Figure 6.3: Flow sheet of the intensified integrated DAC – PtG process proposed that comprises
the process sections: DAC – heat recovery, hydrogen generation, reaction and downstream.
Reactor temperatures (TReaiRea

) between 250 and 350 °C, and operation pressures pProc of up to

10 · 105 Pa are investigated. The idealized case of no air slip streams in the DAC unit is shown.
Streams from the electrolysis to the evaporator and DAC unit can vary in dependence of the
DAC unit operation point. For reasons of clarity, neither water recycle and treatment nor streams
entering or leaving the DAC unit during the adsorption stage are depicted. A detailed summary
of the models used and of the process operation characteristics is provided in Appendix D.2 and
D.3, respectively. Figure reproduced from Drechsler and Agar274.

TCon = TDACDes
+ ∆Tpin are reached, with a pinch point temperature difference ∆Tpin of

10 K being selected. Definition of TCon in this way allows for maximum heat recovery of
the latent heat stored in water vapor, but comes with the disadvantage of slower kinetics
and lower maximum conversion in the reaction section (Section 6.4.3.2). This already
indicates that the reaction section will be strongly coupled to the other process sections.
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6.3.1.4 Process section: downstream

A high CO2 conversion (XCO2 > 98.9 %) and an additional processing of the reaction
section product gas in the downstream is required to reach specifications, typical for nat-
ural gas grids, e.g., yPro,H2O≤ 85 – 150 ppm, yPro,CO2 ≤ 2 – 4 % and yPro,ine≤ 4 – 5 %.281 Wa-
ter removal by condensation and by temperature-pressure-composition-swing-adsorption
(TPCSA, adsorption: 35 °C, pPrc, desorption: 150 °C, 1 · 105 Pa) on zeolite 3A (Ap-
pendix D.2.11 and D.3.3) is realized to ensure product gas water mole fractions lower
than 50 ppm for the operation conditions investigated. Selection of methane as strip gas
in the desorption cycle avoids product gas contamination and methane losses without the
need for additional purge steps in TPCSA operation. The heat of water adsorption and
the sensible heat release of sorbent cooling are assumed to be available at 35 °C, as the in-
tensified integration of these heat sources seems unreasonable due to their negligibly small
contributions to the overall energy balance (Section 6.4.1). Nevertheless, the regeneration
of the water adsorber requires thermal energy that might be provided by Sabatier reac-
tion. Additionally, the high pressure of the reaction section product gas allows for efficient
water condensation and TPCSA operation without additional gas phase compression.

6.3.1.5 Water balance

Process water management becomes of great importance in the realization of a resource
efficient operation of the DAC – PtG process proposed. Key considerations comprise
maximized recovery of the heat stored in water vapor and minimization of process external
water demand and of water recycles (Appendix D.3.4 and D.3.5).

Water management distinguishes between external water source, i.e., water supply
to the steam generation unit (Appendix D.2.4) and to the electrolysis, as well as H2O
desorption in the DAC unit, and internal sources, i.e., the Sabatier reaction. Maximized
use of process internal sources via intense recycle of water is aspired to approach the limit
defined by (6.III). This allows satisfying the electrolysis water demand exclusively by
water recycle. Moreover, if methane production solely based on educts from ambient air
is aspired, the external water supply to the steam generation unit becomes zero. This
leaves H2O co-desorption in the DAC unit as the only external water source. Besides,
efficient water management is also motivated from an heat integration point of view.
High-temperature condensation enables efficient integration of the heat stored in water
vapor. Moreover, each mole of water not recycled results in higher external water supply.
This implies higher heat flows and demands within the DAC unit, if the process water
demand is solely satisfied by co-desorption. Reducing the amount of water co-desorbed
to a minimum appears to be favorable with regard to overall energy considerations.

Recycle of large streams of water can result in significant increases of process streams
and costs. Trade-off considerations between the amount of water co-desorbed and size of
recycle streams, or water supply to the evaporator, need to be taken into account. In this
respect, the operating point of the DAC unit becomes of great importance in the process
water balance. Here, the amount of water strip gas can be used as a variable to control
the quantities of water co-desorbed, while the gas phase composition at the DAC outlet
and, thus, the size of recycles, is determined by equilibrium constraints (Section 5.2).
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6.3.2 Detailed investigation of electrolysis operation

Electrolysis operation takes considerable influence on the process energy and water bal-
ance. High-pressure operation is expected to be beneficial, as a high water content in the
electrolysis product gas is suppressed. This reduces recycles and allows for more efficient
high-temperature operation, e.g., cooling of recycled water streams is reduced. Besides,
additional operation of gas phase compressors can be avoided by use of electrochemi-
cal compression. The analysis to follow quantitatively investigates these considerations,
where for the sake of generality, non-idealities, other than water evaporation, e.g., overpo-
tentials, are neglected. The results presented are subject to the worst case approximation
of a water saturated electrolysis gas phase. For more detailed information on the model
used, the reader is referred to Appendix D.2.3.

Figure 6.4(a) visualizes the influence of operation pressure pElc and temperature TElc on

φrea,ele,elc =
∆grea,elc

∆hrea,elc

, (6.1)

which represents the ratio between the electric energy demand ∆grea,elc and the total
energy requirement of water splitting ∆hrea,elc. Dilution effects of water are explicitly
included in the investigation. Raising system pressure leads to an increase in the
relative electric energy demand of water splitting. Comparatively small sensitivity of
this parameter toward operation pressure is observed, which increases with temperature.
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Figure 6.4: Influence of electrolysis pressure pElc = pPrc on (a) electrolysis relative electric energy
demand φrea,ele,elc (6.1) and on (b) the difference between the energy demand of a multi-stage gas

phase and electrochemical compression ∆ĖCom,elcrea,ele
(6.2), based on a hydrogen mole flow of

1 mol s−1. Operation temperatures TElc of 50 (-), 70 (- -), 90 (- ·) and 110 °C (· ·) are investigated.

However, absolute changes of the electrolysis electric energy demand with pressure can
be large (Figure 6.4(b)). For exemplifying purpose, the energy requirement of a 3-stage
gas phase compression with constant compression ratio and intermediate cooling to 35 °C

∆ĖCom,elcrea,ele
= ĖCom (pPrc, ṅH2)− ṅH2 ·

(
∆grea,elc,p=pPrc

−∆grea,elc,p=105 Pa,ide

)
(6.2)
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is selected as a reference. Electrochemical compression is not always superior compared
to common multistage compression. Severe influence of water dilution effects on
electrochemical compression is revealed by the graphs’ ordinate intersects that visualize
the difference between the electrolysis electric energy demand with and without water
dilution effects, ∆grea,elc,p=105 Pa, and ∆grea,elc,p=105 Pa,ide, respectively. Complex depen-

dency of ∆ĖCom,elcrea,ele
on pPrc is observed, with significant variations compared to the

overall energy demand, e.g., of 9.4 kJ mol−1 for multi-stage compression to 10 · 105 Pa,
being noticed. A more detailed analysis reveals this behavior to be attributed to 1. water
dilution effects, 2. intermediate cooling in multi-stage compression and 3. simultaneous
electrochemical compression of oxygen and hydrogen. For detailed insights, the reader is
referred to the corresponding publication275.

Figure 6.4 reveals a diverse influence of operation temperature. When raised, it lowers
the relative electric energy demand. But it also leads to a strong negative influence of
pressure in the comparison of gas phase with electrochemical compression (Figure 6.4(b)).
This observation is also reflected in the analysis of the electrolysis overall energy demand
(Figure 6.5(a)). Ideal energy demand of water splitting decreases with temperature, e.g.,
from 285 kJ mol−1 (50 °C) to 283 kJ mol−1 (110 °C). However, attributed to evaporation
of water, the reverse tendency is observed for the overall electrolysis energy demand

ĖΣ,Elc = Ėrea,Elc + Ėlv,Elc , (6.3)

especially at low pressure levels. Note that the heat demand for evaporation of water
in the electrolysis Ėlv,Elc can significantly exceed the energy release per mole hydrogen
converted in Sabatier reaction (∼ 41 kJ mol−1).
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Figure 6.5: Influence of operation pressure pElc on (a) overall energy demand of the electrolysis
ĖΣ,Elc (6.3) and on (b) relative energy demand of water splitting φElcrea,ElcΣ

(6.4). Results based
on a hydrogen product flow of 1 mol s−1 are shown for operation temperatures of TElc of 50 (-), 70
(- -), 90 (- ·) and 110 °C (· ·). Figure reproduced from Drechsler and Agar275.
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Figure 6.6: (a) Electrolysis water efficiency ηElc,H2O and (b) hydrogen mole fraction in electrolysis
product gas yElc,out,H2

, as a function of operation pressure pElc for electrolysis temperatures TElc

of 50 (-), 70 (- -), 90 (- ·) and 110 °C (· ·). Figure reproduced from Drechsler and Agar275.

Figure 6.5(b) confirms that water evaporation can become of great importance with
respect to the electrolysis overall energy demand. The contribution of water splitting to
the overall electrolysis energy demand

φElcrea,ElcΣ
=
Ėrea,Elc

ĖΣ,Elc

(6.4)

only takes high values for low-temperature or high-pressure operation, whereas at elevated
operation temperatures φElcrea,ElcΣ

drops below 80 % if low-pressure operation is aspired.

The electrolysis operation point can also take a severe influence on the process mass
balance. Analysis of water efficiency ηElc,H2O (Figure 6.6(a)), i.e., of the ratio between
the water converted to hydrogen and its flow entering the electrolysis, indicates that
significant quantities of water are not processed to hydrogen. Figure 6.6(b) reveals another
drawback that arises with regard to the reaction section product gas specification. Low
water mole fractions are favorable with respect to the kinetics and equilibrium conversion
of Sabatier reaction (6.Ia). But in dependence of the electrolysis operation point, high
water content in the reactor educt gas prevails. Even when neglecting its influence on
Sabatier reaction, water shares of, e.g., 20 % in electrolysis product flow imply that per
mole of CO2 methanized one mole of water is evaporated in the electrolyzer. If the heat
of evaporation is not recovered, this increases the process energy demand by about 41 kJ
per mole CO2 converted, which is about 25 % of the energy released in Sabatier reaction
and 50 % of the heat of CO2 adsorption on Lewatit . In the best case, high temperature
condensation of water is possible, which allows to avoid excessive water losses and to
recover the heat of condensation. However, this is paid for by large recycle streams.

If the focus is solely on electrolysis and reaction, avoidance of water evaporation, e.g., by
low-temperature or high-pressure operation seems favorable. Again, this interpretation
is changed by inclusion of the DAC unit in the analysis. In dependence of the DAC
unit operation point, use of feed gas mixtures that are composed of water and an inert
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(Figure 5.3), instead of negative pressure operation, might be taken into account. Use of
hydrogen as inert in DAC operation avoids additional gas separation steps and does not
influence the maximum level of water recovery within the process. Overall, this approach
relativizes the drawback of water evaporation in the electrolysis unit, while it underlies
the importance of integrating considerations with respect to the carbon source in the
conceptual design of PtG approaches.

6.3.3 Detailed investigation of reactor operation

The reactors are the major high-temperature heat sources. Their operation points become
key aspects of process design. With respect to the operation conditions diverse behavior
is expected, as high temperatures favor kinetics but reduce the equilibrium conversion at-
tainable, whereas high pressures favor both, the reaction equilibrium and kinetics. More-
over, optimal reactor operation becomes a function of the feed gas composition that itself
depends on the upstream units and on the level of intermediate condensation.

Sabatier reaction is typically operated at temperatures well above the maximum tem-
perature of the main heat sinks within the process. Thus, with respect to energy in-
tegration there seem to exist no mandatory constraints for the operation temperature.
However, high operation temperature results in higher reactor costs, e.g., due to the use
of carbon molybdenum steel above temperature levels of 350 °C,282 and favors formation
of carbon monoxide (Section 6.2). Similarly, operation at pressure levels below 10 · 105 Pa
are commonly aspired from a cost point of view.282 Consequently, reactor operation is in-
vestigated for temperature and pressure levels ranging 250 – 350 °C and 1 · 105 – 10 · 105 Pa,
respectively, which is in line with investigations of other research groups283,284.

To allow for a deeper insight into the optimal reactor operation and its interactions
with other process sections, the constraint, multi-variable optimization problem

min
~Φdec

mReaΣ,Cat = mRea1,Cat +mRea2,Cat (6.5a)

s.t.


250 °C
250 °C

0
0

 ≤ −→Φ dec =


TRea1

TRea2

φeql,XRea1
,CO2

φeql,XRea2
,CO2

 ≤


350 °C
350 °C

1
1

 (6.5b)

yPro,CO2 ≤ 0.02 (6.5c)

0.95 ≤ yPro,CH4 (6.5d)

is solved, which takes the catalyst mass mReaiRea
,Cat required as reference for the reactor

costs. Besides reactor temperatures TReaiRea
, levels of conversion, described as ratios with

reference to the equilibrium conversion attainable

φeql,XReaiRea
,CO2 =

XReaiRea
,out,CO2

Xeql,ReaiRea
,CO2

, (6.6)

are selected as decision variables in (6.5b). Product specifications are ensured by con-
straints (6.5c) and (6.5d). Product gas water mole fractions well below 85 ppm are realized
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by the operation point of downstream units (Appendix D.2.11 and D.3.3) For the sake
of generality, the optimization is performed based on a basic, isothermal plug flow-type
reactor model (Appendix D.2.9).

Figure 6.7 exemplifies the results obtained by solving the optimization problem (6.5).
Findings for process pressure levels above 3.07 · 105 Pa are shown, as below this threshold
product specifications are not satisfied. Raising pressure allows for higher operation tem-
peratures TReaiRea

. Temperature TRea1 takes higher values in favor of kinetics, compared
to TRea2 for which a lower operation temperature is found to be beneficial, reasoned in the
temperature dependency of the reaction equilibrium (Section 6.2). This strong interac-
tion between kinetics and equilibrium is also reflected in Figure 6.7(b) that evaluates the
overall CO2 conversion XPrc,ReaiRea

,CO2 reached at the reactor outlet. Formation of a local
minimum and maximum is observed for XPrc,Rea1,CO2 . A comparison to the reactor tem-
perature levels TReaiRea

reveals that changes in the appearance of XPrc,Rea1,CO2 correspond
to the evolution of TReaiRea

with pressure pPrc.
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Figure 6.7: (a) Reactor operation temperatures TRea1
(-), TRea2

(- -) and catalyst mass required
mReaΣ,Cat (· ·) as well as (b) overall CO2 conversion XPrc,Rea1,CO2 (-) and XPrc,Rea2,CO2 (- -) reached
in the reactors in dependence of process pressure pPrc. Results after optimization are shown for a
CO2 mole flow of 1 mol s−1, reacting with a stoichiometric equivalent amount of H2 according (6.Ia).
MVR condensers and the intermediate condensation stage are operated at 110 °C. The electrolysis
and the DAC unit desorption zone are operated at 70 °C and 100 °C, respectively. Additional
operation parameters of the process are summarized in Appendix D.4.2. Figure reproduced from
Drechsler and Agar275.

Overall, a noteworthy reduction of the catalyst mass required with operation pressure
is revealed. The sensitivity of the catalyst mass toward operation pressure significantly
decreases in the high-pressure region, indicating that raise of system pressure significantly
above 10 · 105 Pa might not be reasonable from a cost point of view. Moreover, TRea2 does
not touch the upper boundary set, even at the highest pressure investigated, which indi-
cates presence of limitations attributed to the reaction equilibrium. A measure to reduce
this drawback, discussed in Section 6.4.3.2, might be the reduction of the temperature of
intermediate condensation between the reactors to increase the quantity of water removed
from the gas phase.
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6.4 Process performance

Investigations of process performance with special focus on autothermal operation and
on process water balance are performed. An analysis of the potential for autothermal
operation (Section 6.4.1) and of the process water balance (Section 6.4.2) builds the basis
for a detailed investigation of the DAC unit operation point within the integrated process
structure (Section 6.4.3) and of the energy flow analysis for different process configurations
(Section 6.4.4). Finally, considerations with regard to the economics and ecological impact
of the concepts are outlined (Section 6.4.5).

6.4.1 Potential for autothermal operation

Potential for autothermal operation is estimated by analysis of process composite curves
(Figure 6.8), based on the process configuration summarized in Appendix D.4.3. Contri-
butions of the main equipment that result in characteristic similarities of the composite
curves are denoted. Investigation of temperature dependent (partial) condensation of
water results in a concave curvature of the composite curves rather than in an energy
release at constant temperature level. In this respect, discontinuous transitions of the hot
composite curve can indicate the onset of condensation at the temperature level evaluated.

Figures 6.8(a) - 6.8(c) visualize the limiting scenario with thermodynamic minimum
electric energy input to the electrolysis, i.e., operation at equilibrium cell voltage. None
of the scenarios shown allows for autothermal operation, but characteristic responses of the
system to a change of operation pressure can be identified. Increase of pressure results in a
shift of Sabatier reaction temperature to higher temperature levels and allows for conden-
sation of water at elevated temperatures. This does not significantly change the positions
of the process pinch points. But it increases the potential of the process to release heat
at more elevated temperatures, interesting with respect to exergy considerations, temper-
ature differences in heat transfer systems and possible use of heat in other processes.

Decrease of process external heat demand with operation pressure pPrc is observed.
On the one hand, this can be attributed to a higher degree of heat integration. Increase
of water condensation results in a decrease of external cooling power requirement (waste
heat) of ∆Q̇coo,ext,3.07 · 105 – 10 · 105 Pa = 13 kW. On the other hand, operation at higher pres-
sure levels results in the need of higher electric energy input to the compressors and to the
electrolysis (Figure 6.4(a)). Overall, results shown indicate that even in the limiting case
of no dissipative heat release in the electrolysis, autothermal operation is nearly possible.

Overpotentials and other non-idealities, e.g., ohmic resistances, require techni-
cally realized water electrolysis to operate at cell voltages above equilibrium level
(∆U◦eql,Elc = 1.23 V) that typically range 1.75 – 2.05 V.285 This operation mode is analyzed
by investigation of electrolysis operation at 1.5·∆Ueql,Elc in Figures 6.8(d) - 6.8(f). In these
scenarios, autothermal operation of the process seems possible. Significant generation of
excess heat in the low- and high-temperature region is observed. However, this does not
necessarily imply that the process has become more energy efficient. Rather, heat demand
at low temperature is compensated by electric heating that results from energy dissipa-
tion in the electrolysis. In line with other contributions70,242,243 this underlines the severe
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pPrc = 10 · 105 Pa

Figure 6.8: Hot (-) and cold (- -) composite curves for six illustrative scenarios. Process pressure
levels pPrc of 3.07 · 105, 6 · 105 and 10 · 105 Pa are investigated for electrolysis operation at (a) – (c)
equilibrium cell voltage ∆UElc = ∆Ueql,Elc and (d) – (f) ∆UElc = 1.5 · ∆Ueql,Elc. The DAC unit
desorption zone is operated at 100 °C and the electrolysis temperature is set to 70 °C. Additional
operation parameters are summarized in Appendix D.4.3. Pinch points are indicated by stars (∗).

importance of efficient hydrogen production in PtG concepts. In this respect, the strong
heat released in the electrolysis suggests use of this unit as heat source for DAC opera-
tion. However, for an efficient assessment of this scenario (Section 6.4.4), previous, more
detailed investigation of the process water balance (Section 6.4.2) and of the influence of
the DAC unit operation point on the process mass and energy balance (Section 6.4.3)
seems reasonable.

6.4.2 Process water balance

The process water balance is strongly coupled to its energy balance, e.g., to the heat of
desorption in the DAC unit. It takes severe influence on the size of recycle streams and,
thus, on the heat flows in the condensers. Figure 6.9 visualizes the dependency of the
water balance on process pressure for three reference scenarios (Appendix D.4.4).

The electrolysis becomes the major water sink, whereas convective water losses within
the methane product steam are negligibly small. The only noticeable water losses result
from water not recovered from the electrolysis oxygen product flow and from water losses
in the DAC sorbent bed void space. However, even these losses are comparatively small,
which underlines the water-efficient operation of the process. This seems beneficial with
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Figure 6.9: Influence of operation pressure pPrc on the water balance of the intensified integrated
DAC – PtG process. Results for pressure levels of 3.07 · 105 (bright), 6 · 105 (intermediate) and
10 · 105 Pa (dark) are depicted. Four sinks for water are identified, these are: water split in
the electrolysis (Sinkelc,Elc,H2

), losses in the CH4 product gas (SinkPro,CH4
), losses in the O2

product gas (SinkPro,O2
) and losses attributed to slip streams in the DAC sorbent bed void

space (Sinksli,DAC). Process water sources: desorption of water in DAC unit (Sourcedes,DAC) and
water formation in Sabatier reaction (SourceReaiRea

) are shown. Water streams evaporated in the
electrolysis (Recylv,Elc,iSpe) and recycled to the evaporator (RecyEvp) are visualized.

regard to the use of air as water source, as energy requirements that result from additional
water demand are reduced to a minimum.

By adjusting the DAC operation point, i.e., the H2O : CO2 desorption ratio, the process
water balance can be controlled. When subtracting the water sinks, which result from
losses in the product gases and from slip streams in the DAC unit, from the amount
of CO2 desorbed in the DAC unit, a residual water mole flow larger two is obtained.
This implies presence of additional water losses, as based on the stoichiometry of the
reaction aspired (6.III) only two moles of external water supply are required. A more
detailed analysis reveals that these indirect losses result from incomplete conversion of
hydrogen. Even if levels of conversion in the order of magnitude of 99 % are attained,
losses attributed to incomplete conversion can exceed the water losses in the product gas
by more than 80 %. This underlines the high resource efficiency of the process designed
and additionally stresses the importance of water losses in the DAC sorbent bed void
space. These might efficiently be reduced by operation at higher working capacities.

With regard to the process water balance, high-pressure operation seems beneficial.
Increase of the overall efficiency of water recovery with pressure is noticed, e.g., indicated
by a noticeable reduction of the water losses in the product gases and by a significant
decrease of the water recycles required to compensate for the water evaporated in the
electrolysis. Acknowledging that the size of the water recycles can take a high order of
magnitude compared to the overall process streams, potential for significant decrease of
equipment size and heat transfer area is revealed for high-pressure operation.
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6 Intensified mass and energy integrated DAC - PtG process

6.4.3 Influence of DAC operation point on process performance

This section is dedicated to a detailed investigation of DAC unit operation point
influence on PtG process performance. Focus is placed on the analysis of air slip streams
(Section 6.4.3.1) and on the selection of DAC operation temperatures (Section 6.4.3.2).
Results presented are based on the process configuration summarized in Appendix D.4.5.

6.4.3.1 Slip stream of air into DAC unit product gas

The analysis given in Sections 6.4.1 and 6.4.2 considers an ideal separation process, i.e.,
no slip stream of air into DAC unit product gas is taken into account. This implies use
of additional energy, e.g., for drawing vacuum, or of purge gas to prevent this additional
gas stream in the order of magnitude of 14 % of the CO2 product stream to enter the
DAC unit desorption zone. Consequently, the influence of air slip streams on process
performance is investigated to assess to what extent reduction of this stream is necessary.

Figure 6.10(a) visualizes the evolution of the catalyst mass required in dependence
of operation pressure pPrc and of the slip ratio of air into the DAC desorption zone
φDAC,sliAds,Des

. The latter defines the fraction of the gas phase present in the sorbent bed
void space that is allowed to enter the desorption zone. Strong influence of φDAC,sliAds,Des

on
catalyst mass with increasing sensitivity at high levels of φDAC,sliAds,Des

or at low operation
pressure is observed. This reflects the strong influence of the reaction system equilibrium
conversion on the kinetics and, thus, on the catalyst mass required.
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(b) Overall conversion XPrc,Rea2,CO2

Figure 6.10: (a) Overall catalyst mass demand mReaΣ,Cat in dependence of process operation pres-
sure pPrc for DAC slip ratios between ad- and desorption zone φDAC,sliAds,Des

of 0 (-), 0.10 (- -), 0.20
(- ·), 0.25 (· ·). (b) Overall conversion XPrc,Rea2,CO2 required to reach the product gas specifications
as a function of φDAC,sliAds,Des

. Operation at a pressure level pPrc of 10 · 105 Pa is investigated.

Figure 6.10(b) confirms this interpretation. The dependency of the CO2 conversion,
required to reach product gas specifications, on φDAC,sliAds,Des

is exemplified for an operation
pressure of 10 · 105 Pa. Only minor variations are noticed for operation at lower pressure
levels, reasoned in the lower efficiency of water removal by the zeolite adsorber. Variation
of the conversion required by less than 1 % results in an increase of the catalyst mass
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demand by a factor of more than 2.8. This underlines the strong dependency of the kinetics
on the level of conversion to be achieved and, thus, on the equilibrium state of the system.

Figure 6.11(a) underlines this interpretation by visualization of the evolution of opti-
mized reactor temperatures TReaiRea

in dependence of φDAC,sliAds,Des
. Operation at high lev-

els of φDAC,sliAds,Des
results in lower operation temperatures to shift the reaction equilibrium

to the product side and, thus, to avoid operation in the close vicinity of the equilibrium
state. Consequently, as high purity of the product gas (yPro,CH4 ≥ 95 %) is aspired, even a
minor increase of the impurity level takes a severe influence on process performance. Be-
sides, for the scenario investigated, mole fractions of oxygen in product gas can reach levels
greater than 0.7 % (Figure 6.11(b)). Reaction of O2 with H2, which will, most likely, take
place under methanation conditions, can allow for relaxation of conversion requirements,
as separation of the water additionally formed is easily realizable. However, besides the
loss of hydrogen by water formation, various considerations indicate oxygen avoidance to
be reasonable. Pipeline specifications typically allow for maximum O2 product gas shares
of less than 0.01 % and uncontrolled oxyhydrogen gas reaction can become a threat with
regard to process safety. Moreover, in presence of oxygen severe decrease of sorbent long-
term stability is observed, especially if operation at elevated desorption temperatures is
aspired (Section 3.3.2). If these concerns can be overcome, controlled oxyhydrogen gas
reaction might be considered as an additional measure to reduce the oxygen content in
the product gas. However, the additional effort to remove the air present in the DAC
sorbent bed void space seems comparatively small. Thus, removal by vacuum operation
or by purge gas use seems beneficial with respect to process considerations.
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Figure 6.11: (a) Optimized reactor temperatures TRea1
(-) and TRea2

(- -), as well as, (b) gas phase
mole fraction yPro,iSpe of species CO2(-), H2(- -), N2(- ·) and O2(· ·), as functions of DAC slip ratio
between ad- and desorption zone φDAC,sliAds,Des

. Process operation at 10 · 105 Pa is investigated.

6.4.3.2 Varying DAC unit operation temperature

With respect to a thermal integration of the electrolysis as heat source for the DAC
desorption zone (Section 6.4.4), DAC operation at low temperature levels becomes of
interest. Higher levels of water co-desorption in the DAC unit are expected, whereas
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6 Intensified mass and energy integrated DAC - PtG process

potential of water condensation at lower temperatures might allow for more efficient
heat recovery. Besides, necessity of low-pressure operation or of additional strip gas use
is indicated by the equilibrium pressure levels of components present in the DAC gas
phase. Here, use of H2O – H2 strip gas mixtures is elaborated in more detail.

Water content and recovery Figure 6.12(a) depicts the evolution of DAC product gas
composition with desorption temperature. Decrease of water content at lower desorption
temperature is confirmed. However, the CO2 share also decreases with temperature. This
results in an overall increase of the H2O : CO2 ratio. Moreover, strip gas requirement
significantly increases in case of low-temperature operation. This indicates necessity of
using H2 : CO2 ratios larger than the stoichiometric ratio given by (6.Ia), other strip gas
use, or additional vacuum operation. More complex gas separation or higher energy
demands and design constraints for DAC make these options appear less promising.
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Figure 6.12: Influence of DAC unit desorption temperature TDACDes
on (a) shares of species: CO2

(-), H2O (- -) and H2 (- ·) in DAC product gas and on (b) level of water recovery reached in MVR
φrec,MVR,H2O at operation pressures pPrc of 5 · 105 Pa (-) and 10 · 105 Pa (- -).

Even if TDACDes
is limited to levels at which solely use of H2O – H2 strip gas mixtures

is sufficient to drive the desorption process, the energy requirement for gas phase
compression can more than double in dependence of TDACDes

(Figure 6.16). On the other
hand, one intuitively expects TDACDes

to take strong influence on the efficiency of water
recovery, e.g., in MVR on φrec,MVR,H2O, if operation with the minimum temperature
differences between the condensers and DAC desorption unit is aspired. Strong decline
of φrec,MVR,H2O with decreasing desorption temperatures, and, thus, decrease of minimum
condensation temperature, is observed in the low-temperature region (Figure 6.12(b)).
Dilution effects of hydrogen, which reduce the water partial pressure, can be identified to
cause this behavior. In conclusion, operation at elevated desorption temperatures and at
high process pressures is found to be beneficial with regard to the DAC – heat recovery
section, with a crucial influence of DAC desorption temperature being revealed.

Equilibrium driven kinetics As noted in Section 6.3.3, the equilibrium of the reaction
system can take severe influence on the methanation process. This suggests a high depen-
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dency of the reaction section on its educt gas composition. In this respect, the evolution of
the water content in the reaction section educt gas as function of TDACDes

(Figure 6.13(a))
indicates favorable operation points to be at high DAC desorption zone temperatures.
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Figure 6.13: (a) Water content in reaction section educt gas yRea1,in,G,H2O and (b) overall catalyst
demand mReaΣ,Cat as functions of DAC desorption zone temperature TDACDes

. Process pressures
of 5 · 105 Pa (-) and 10 · 105 Pa (- -) are investigated.

Figure 6.13(b) shows that the optimized amount of catalyst mass mReaΣ,Cat increases
with DAC unit desorption temperature. On a first view, this might seem counterintuitive,
especially with regard to the evolution of the educt gas water content with temperature
(Figure 6.13(a)). However, TDACDes

also takes influence on the educt gas composition of
the second reactor via the level of intermediate condensation. This is, condensers work at
the minimum temperature possible that is dictated by the aim of using the heat recovered
by water condensation to compensate for the heat demand of the DAC and evaporator
unit. Thus, results shown indicate the influence of intermediate condensation to be more
dominant compared to the reaction section educt gas composition, which underlines the
influence of reaction equilibrium on process performance. This is especially revealed at
lower operation pressures, at which absolute variations in the gas phase water content
with condensation temperature are more pronounced.

Energy penalty attributed to hydrogen loss Even if no variation in electrolysis op-
eration temperature is considered, the DAC desorption temperature affects the electrolysis
energy demand via variation in hydrogen losses attributed to the temperature-dependent
shares of this specie in the DAC unit strip gas. Figure 6.14(a) evaluates the evolution
of the hydrogen losses relative to its amount produced in the electrolysis φlos,DAC,H2 in
dependence of TDACDes

. Small relative losses of less than 1.4 % indicate DAC unit slip
streams to take a minor influence on the process hydrogen balance. However, these losses
scale with a factor of four relative to the CO2 product flow and splitting of water is
an energy intensive process step. Consequently, even these small losses are associated
with considerable energy penalties (Figure 6.14(b)) that can reach levels in the order of
magnitude of 10 % of Sabatier reaction heat release.
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Figure 6.14: Influence of DAC unit operation temperature TDACDes
on (a) relative hydrogen

loss in DAC unit φlos,DAC,H2
and (b) attributed energy penalties arising from hydrogen loss

eṅlos,DAC,H2
,spenCO2

per mole of CO2 in the DAC product gas. For reasons of clarity, the en-

ergy penalty eṅlos,DAC,H2
,spenCO2

is calculated based on the thermoneutral energy requirement for

water splitting. Additional contributions to electrolysis energy demand, e.g., dissipative losses or
evaporation of water, are not included, as these might be recovered within the process.

A comparison of the findings achieved by the analysis of Figures 6.11 - 6.14 reveals a
diverse influence of the DAC operation point on the performance of the process sections.
High-temperature operation reduces possible hydrogen losses in DAC and shifts the ra-
tios of CO2 : H2O as well as of CO2 : H2 in the DAC product gas to higher levels. On
the contrary, low-temperature operation allows for an overall more efficient level of water
recovery and for less catalyst demand. Thus, trade-off considerations on an energy, eco-
nomic and ecologic level need to be taken into account to determine the optimal operation
temperature of the DAC unit. With respect to the scope of this work, the analysis on an
energy level is extended to the entire process structure in Section 6.4.4.

6.4.4 Energy flow analysis

Currently, technically realized water electrolysis operates significantly above thermoneu-
tral level.277 This motivates use of electrolysis as additional heat source for DAC . Besides
variation of DAC desorption temperature, operation of electrolysis at elevated tempera-
ture levels is imaginable to realize this integration. However, operation of the electrolysis
at temperatures above the limit of 80 °C typically named277,280 can result in accelerated
corrosion in case of AE concepts or in increased mechanical and thermal degradation in
PEM electrolysis.286 Besides, high-temperature operation can significantly increase the
water content in the electrolysis product gas (Figure 6.6).

Based on the aforementioned considerations, electrolysis operation at the lowest tem-
perature that allows for heat integration with the DAC unit seems reasonable. As the
DAC unit itself is already intensified heat integrated, the predominant share of heat de-
mand arises at desorption temperature level. Choosing TDACDes

= 90 °C, which is close to
the limit at which low-pressure operation or additional strip gas use becomes necessary
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(Figure 6.12(a)), results in an electrolysis operation temperature TElc of 100 °C. Note that
Nafion membranes typically applied in PEM concepts exhibit glass transition tempera-
tures of 120 °C, which are close to the operation temperature TElc defined. Even if this
suggests stability problems in high-temperature applications, current trends in membrane
development indicate that membrane stability above 100 °C can be guaranteed, e.g., stable
operation of modified Nafion membranes287 at 120 °C or of Solvay Aquivion®288 at 140 °C.
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Figure 6.15: Influence of operation pressure pPrc (a) – (b): 5 · 105 Pa, (c) – (d): 10 · 105 Pa on pro-
cess hot (-) and cold (- -) composite curves. Operation at different temperature levels in the DAC
and electrolysis unit is investigated: TElc = 70 °C/ TDACDes

= 100 °C in (a) and (c), TElc = 100 °C/
TDACDes

= 90 °C in (b) and (d). The electrolysis is operated at ∆UElc = 1.5 ·∆Ueql,Elc. Positions of
pinch points are indicated by stars (∗). Operation parameters are summarized in Appendix D.4.6.

A joint analysis of process composite curves (Figure 6.15) and of characteristic energy
flows within the process (Figure 6.16) allows for detailed insights into the influence of
process pressure, electrolysis operation and DAC desorption temperature on the process
energy balance. For all scenarios shown, autothermal operation is reached, with significant
excess heat being available. Characteristic differences in the shapes of the process compos-
ite curves are revealed between the scenarios. As expected, electrolysis heat release signifi-
cantly contributes to low-temperature excess heat release. Use of electrolysis as DAC heat

115



6 Intensified mass and energy integrated DAC - PtG process

0

500

1000

1500

Integrated

heat

Heat source
low temp.

Heat source
high temp.

Compression

demand

Electrolysis

energy input

Electrolysis

heat release

Ė
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Figure 6.16: Characteristic energy flows of the process Ėi in dependence of pressure pPrc,
electrolysis temperature TElc and DAC desorption temperature TDACDes

. Influence of the
parameter set pPrc/TElc/TDACDes

is investigated for four scenarios (from bright to dark):
(a) 5 · 105 Pa/70 °C/100 °C, (b) 5 · 105 Pa/100 °C/90 °C, (c) 10 · 105 Pa/70 °C/100 °C, (d)
10 · 105 Pa/100 °C/90 °C. In addition to the heat flows, electric energy demand for gas and liquid
phase compression as well as for electrolysis operation at ∆UElc = 1.5·∆Ueql,Elc is shown. Heat flows
integrated within single devices are not shown. Operation parameters are given in Appendix D.4.6.

source (Figures 6.15(b) and 6.15(d)) comes with a severe increase of the amount of heat
to be integrated, which besides others results from the process water balance, i.e., from
larger water streams within the process. Moreover, heat release within electrolysis seems
not sufficient to satisfy the heat demand arising from DAC and evaporator operation.

Focusing on operation pressure, the shift of the temperatures of the heat sources to
higher levels with increasing pressure, observed in Section 6.4.1, is confirmed (Figure 6.15).
However, only minor sensitivity of the amount of heat integrated on pressure is found
(Figure 6.16). Besides, change of pressure results in an exchange between the heat source
characteristic of the electrolysis and the additional heat release by condensation of the
water evaporated in this unit. This is, water evaporated in the electrolysis reduces the
unit’s heat release, but its condensation allows to recover this energy at high temperatures.

Besides influence on a thermal energy level, the choice of operation parameters can
lead to noticeable variations in the process electric energy demand. The operation
temperatures of the electrolysis and DAC unit are found to have a greater influence on
compression energy demand than the operation pressure (Figure 6.16). This is reasoned
in the increasing ratio between non-condensable components, or H2O, and CO2 in the
DAC product stream (Figure 6.12). Moreover, the small influence of pPrc on compression
energy requirement can be attributed to water condensation in the first MVR stage that
only leaves a small stream to be compressed to final operation pressure in the subsequent
MVR stages. Concluding, with respect to the compression energy demand, the shares of
non-condensable components in the DAC product gas should be kept at a minimum.

Focusing on the electrolysis unit, high-temperature operation is found to decrease
the electrolysis potential for heat release even if the thermoneutral voltage, and thus,
energy demand per mole H2 split declines with temperature. This is attributed to three
effects: 1) Total electric energy input to electrolysis for operation at ∆UElc = 1.5 ·∆Ueql,Elc
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decreases with temperature as a result of lower equilibrium cell voltage. 2) Total energy
demand for the production of hydrogen increases, reasoned in necessity of more hydrogen
production to compensate for higher hydrogen losses in DAC . 3) Increased thermal energy
demand resulting from water evaporation within electrolysis. On the contrary, increase of
operation pressure favors the electrolysis heat source characteristics. Besides the increase
of the electric energy input required to operate at ∆UElc = 1.5 ·∆Ueql,Elc, the reduction of
water evaporation in the electrolysis is identified as the major contribution to this effect.

Overall, use of heat release in electrolysis as heat source for DAC seems possible but
not beneficial. Besides limitations imposed by material properties that suggest increase
in equipment costs, larger water recycles and higher hydrogen losses argue against this
option. Even if a part of the heat generated is used to produce water vapor, this sce-
nario still resembles evaporation by electric heating that does not seem reasonable from
an exergetic point of view, especially as sufficient high-temperature heat is available.
Consequently, with focus on energy considerations, reducing electrolysis energy demand
becomes crucial. However, currently realized electrolysis cells are typically operated sig-
nificantly above thermoneutral voltage. If this is not avoidable from an economic point
of view, deliberated, limited evaporation of water can allow for efficient cooling, while the
H2-H2O stream produced can be used as strip gas for the DAC unit.

6.4.5 Economics and ecological impact

Various studies that discuss the framework conditions of DAC 85,200,289–292, PtG69,246 and
of the CO2-based production of fuels or of basic chemicals70,289,293 on a detailed level have
been published. In line with these contributions, the key findings of this investigation read:

• The climate impact of the DAC concept and of the integrated DAC -PtG approach
proposed severely depends on the energy source selected. Intense heat integration
allows for autothermal operation, but a significant influence of hydrogen production
by water electrolysis on the process energy balance is revealed. For example, if
one considers the current CO2 footprint of electric energy supply in Germany294

of 468 g kWh−1, energy demands for electrolysis-based hydrogen production in the
order of magnitude of 1400 kJ per mole CO2 captured (Figure 6.16) would result in
emissions of about 4 moles CO2 per mole CO2 captured

• Without additional constraints,246 e.g., CO2-certificate prices, the costs of methane
produced via Sabatier reaction reach levels significantly above the current natural
gas price246 of 0.02 – 0.03 $ kWh−1. For example, CO2 costs of 1 $ kg−1 would result
in SNG costs from PtG246 of 0.20 $ kWh−1 and current costs for H2 production via
water electrolysis280 of about 10 $ kg−1 would add costs of 0.38 $ kWh−1

Overall, importance of H2 and CO2 supply in the context of a sustainable realization of
PtG approaches is underlined. At current state, use of PtG concepts does not appear to
be beneficial from neither an economic nor an environmental perspective. However, these
approaches can become key technologies in realization of a fast transition to a sustainable
energy system based on renewable sources, with applications reaching from balancing of
fluctuations in the electric grid to defossilization of the transport sector (Section 6.1).246
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6.5 Summary and conclusion

Based on the findings presented in Chapter 5, which indicate that efficient measures to
counteract the energy penalty arising from H2O co-adsorption can be realized on a process
level, detailed investigation of an intensified integrated DAC – PtG process is conducted.

Section 6.1 State of the art
indicates that there seems to exist a lack of research with respect to the integration of
DAC technologies in PtX concepts. Even if some projects explicitly consider DAC as
carbon source, integration is in general limited to application of approaches established on
the market rather than simultaneous, integrated process development of DAC along PtX .

Section 6.2 Methanation of CO2

reveals pressures of 1 · 105 – 10 · 105 Pa and temperatures ranging 250 – 350 °C to be a
promising operation window for the methanation process intended. Formation of carbon
monoxide is noticed to become negligibly small, which allows for sufficiently accurate
description of the methanation process by Sabatier reaction.

Section 6.3 Process design and key process units
identifies various synergies arising within the intensified integrated DAC – PtG process
proposed (Section 6.3.1). The process water balance is found to become of great impor-
tance. The influence of the electrolysis operation point on process energy demand and
water recycle is analyzed. Superiority of electrochemical compared to gas phase com-
pression is not always confirmed (Section 6.3.2). Detailed analysis of the reaction section
indicates definition of the reactor operation temperature and conversion via formulation
of an optimization problem to be beneficial (Section 6.3.3).

Section 6.4 Process performance
is dedicated to the detailed analysis of process performance. High potential for autother-
mal operation is revealed (Section 6.4.1) and importance of process water balance (Sec-
tion 6.4.2) for process energy and resource efficiency is underlined. Detailed investigation
of the DAC unit (Section 6.4.3) confirms the high impact of its operation point on process
water balance, energy demand and hydrogen losses. With this information at hand, the
detailed investigation of process energy flows presented in Section 6.4.4 allows for pro-
found insight into the dependency of the process behavior on its operation parameters.
Autothermal production of CH4 based on CO2 and H2O from ambient air is found to be
feasible, with electrolysis energy demand being identified as key research priority. More-
over, simulation results indicate that use of electrolysis as heat source for DAC seems not
beneficial. Basic evaluation of the economics and ecological impact of the concept pro-
posed (Section 6.4.5) underlines the importance of the H2 and CO2 supply in the context
of a sustainable realization of the intensified integrated DAC -PtG concept proposed.

In conclusion, the modeling and simulation conducted in this chapter combines the ex-
perimental results as well as concepts and approaches developed throughout this work
to an intensified integrated process design that incorporates the exceptional potential of
closing the carbon cycle by resource efficient, autothermal production of methane based
on carbon dioxide and water captured from ambient air.
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Abstract
Theoretical and experimental studies were performed to investigate an autothermally
operated process design for the production of methane. For this purpose, intensified
integrated air capture facilities that operate in spatial cyclic steady state were developed,
which allow for significant reduction of the CO2-specific energy demand of the capture
process. Experimental investigations indicate the ion exchange resin Lewatit VP OC 1065
to be a promising DAC sorbent. However, severe water co-adsorption on this sorbent is
experimentally revealed. Heat recovery by vapor recompression along with water vapor
strip gas use proves to be most promising among a variety of strategies investigated to
counteract co-adsorption-based energy penalties. Integration of the concepts developed
into a PtG approach results in various synergies that reduce the drawbacks arising in
separate operation of the process steps. In-depth modeling and pinch analysis not only
show feasibility of resource efficient, autothermal operation of the intensified integrated
DAC – PtG process proposed, but moreover reveal potential for methane production
solely based on educts captured from ambient air. Overall, results summarized indicate
that future research priorities need to focus on more detailed experimental investigation
of H2O co-adsorption phenomena, on experimental validation of the DAC approaches
proposed and on cost-optimized process designs.

This chapter is structured as follows:

Section 7.1 Conclusions
summarizes the interconnections between the different parts of this contribution and re-
capitulates the key findings.

Section 7.2 Implications for future research
evaluates the findings of this work with respect to future research implications.



7.1 Conclusions

7.1 Conclusions

Motivated by the conclusions summarized in the Parisian Agreement27 and implications
formulated in the IPCC Special Report35 that large-scale use of NET seems mandatory
to ensure the 1.5 °C target, this contribution is dedicated to the design of an intensified
integrated approach to DAC and its integration into a PtG concept to realize autothermal,
resource efficient production of methane. This can contribute to a closure of the global
carbon cycle or even to a realization of net negative emissions (Chapter 1).
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Figure 7.1: Graphical abstract of main findings obtained within the framework of this contribution.

Figure 7.1 outlines the overall structure of this work, which indicates that investiga-
tions in diverse research areas contribute to the realization of the process design proposed.
Even if DAC is a promising approach to NET , the analysis given in Chapter 2 underlines
that intrinsic constraints have to be overcome to realize its efficient large-scale use. Espe-
cially the high CO2-specific energy demand of the separation process and the need of low
pressure losses during air – sorbent contacting motivate the research of novel intensified
integrated DAC designs. Transformation of the cyclic steady state of the adsorption pro-
cess from time to space domain is proposed to allow for superior recovery of the sorbent
sensible heat in commonly applied TSA processes.

With this concept and defined constraints at hand (Chapter 2), the amine grafted ion
exchange resin Lewatit VP OC 1065 is identified as suitable reference sorbent (Chapter 3).
CO2 isotherms represented by Toth model, determined by means of BTC and TGA exper-
iments over a broad temperature and CO2 pressure range of 30 – 100 °C and 40 – 2 · 104 Pa,
respectively, are found to be in good accordance with experimental data published by other
research groups. Experimentally determined mechanical and thermophysical properties of
this commercially available sorbent indicate its good applicability with respect to the heat
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integration concepts intended. Moreover, water co-adsorption, well predictable by BET -
type isotherm models, is confirmed for this sorbent. Even if the experiments conducted
reveal increase of CO2 capacity of up to 100 % under humid conditions, impedingly high
H2O : CO2 capacity ratios of about 9 under ambient conditions motivate investigation of
measures to counteract the influence of water co-adsorption on DAC performance.

Two research priorities arise from the results summarized in Chapters 2 and 3. These
are the conceptual adsorber designs to realize the heat integration concepts proposed
(Chapter 4) and the extension of these approaches by measures to reduce limitations
attributed to water co-adsorption (Chapter 5). Detailed modeling and simulation indi-
cate superior heat integration properties of novel moving belt and moving bed adsorber
concepts developed. TCSA as well as TVCSA operation is investigated. Levels of sorbent
sensible heat recovery greater than 95 % can be achieved. Moreover, the concepts are
designed in accordance with the requirement of low gas phase pressure losses in the ad-
sorption zone, such that CO2 – sorbent contacting driven by the kinetic energy of ambient
air, i.e., by wind, seems feasible. A simulation-based analysis allows for insights into the
operation characteristics of the systems and reveals mass transport limitations that result
from CO2 diffusion in the sorbent bed. Basic experimental investigations confirm this
observation. A final ecologic evaluation underlines the severe influence of intensified heat
integration on realization of net negative emissions, with an increase of the net negative
CO2 emissions of more than 0.5 kg kg−1 relative to the CO2 captured being noticed.
Estimated capture costs above 1000 $ t−1 are at the upper limit of cost estimates for DAC .
High potential for optimization of the economics of the concepts proposed is noticed.

Even if the sorbent sensible heat can efficiently be recovered by the concepts developed,
the results presented in Chapter 5 reveal that water co-adsorption can result in high
energy penalties that may impede the autothermal operation of an integrated DAC -PtG
process. Without additional measures, maximum allowable H2O : CO2 desorption ratios
are in the order of 1.9 mol mol−1. These are significantly above the level of water
co-adsorption determined by isotherm analysis of about 9 mol mol−1. Evaluation on an
unit operation level shows that decrease of water co-desorption to a level of 3.4 mol mol−1

can be realized by careful selection of the DAC operation point. Motivated by the aim
of further reducing energy penalties induced by water desorption, measures that take
into account the adsorption and desorption process as well as post-desorption recovery
strategies are evaluated. In-depth modeling and optimization reveals multi-stage MVR
to be a promising measure that, based on use of mature technologies, can allow for a
significant reduction of the water energy penalty. Overall, combined use of water vapor
strip gas and of MVR is found to be one of the most promising strategies currently
available to reduce the burden of water co-adsorption.

With an energy-efficient DAC – heat recovery concept at hand, focus is placed on an
intensified integrated DAC – PtG process design in Chapter 6. Various synergies are iden-
tified, which reduce drawbacks that arise in independent operation of the subprocesses.
Detailed analysis of the electrolysis used for hydrogen production reveals a significant
influence of this unit on the process energy and water balance. Moreover, strong de-
pendency between operation pressure, reaction temperature and CO2 conversion attained
within the multi-stage methanation process is shown using multi-variable optimization.
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Process simulation, pinch analysis and cost estimation allow for profound insights into
process performance. Strong influence of DAC operation on all process sections is noticed.
Implementation of the electrolysis as heat source for the DAC unit is found to be not bene-
ficial. Overall, high potential for realization of a resource efficient, autothermal production
of methane based on carbon dioxide and water captured from ambient air is revealed.

7.2 Implications for future research

Even if great care was taken to ensure reliability of the experimental data obtained and
of the theoretical models developed, implemented and evaluated, the results summarized
are still subject to intrinsic constraints and uncertainties. These indicate need of future
research priorities to focus on a more detailed experimental investigation and on cost-
based optimizations. Reliable models for single component adsorption isotherms were
determined and the influence of H2O co-adsorption on CO2 capacity is quantitatively
confirmed. However, a more detailed experimental analysis is required to develop a
physically sound 2-component isotherm model. This also holds true for a more detailed
investigation of the sorption kinetics, especially with respect to the co-desorption of water.

Consequently, the models developed are subject to this lack of detailed data and cor-
relations. Worst case approximations taken and evaluation of characteristic constraints
limit the influence of these inaccuracies on the overall conclusions drawn. But a more
detailed numerical simulation of the DAC unit on the basis of an extended set of ex-
perimental data is recommended for validation purpose. In this respect, realization of
sorbent movement within the experimental setting is of great interest. However, it seems
reasonable to limit the experimental effort to basic investigations, as detailed full-scale
realization of the moving belt or bed concept proposed seems hard to achieve in lab-scale.

Use of MVR in combination with water vapor strip gas is found to be an efficient
measure to counteract the influence of water co-adsorption. Additional concepts to sup-
port this approach might be realized through use of kinetic effects or through design of
sorbents with hydrophobic properties. With focus on the former, need for a targeted
development of hydrophobic membranes or coatings that offer high separation factors is
revealed. Moreover, with respect to the realization of hydrophobic sorbent properties,
extension of research to targeted sorbent synthesis seems beneficial.

Also in the field of process design deepening the research conducted becomes of interest.
The intensive research of PtX currently conducted motivates extensions of the process
simulation performed by more detailed unit operation models and by novel concepts,
e.g., with respect to reactor design or to electrolysis operation. Multi-variable, mixed-
integer optimization in combination with detailed life cycle assessment (LCA) might be
utilized to determine optimal process configurations under economic as well as ecologic
constraints.

In conclusion, the findings summarized in this contribution underline the great poten-
tial of air capture technologies to become an additional, powerful measure that contributes
to the effort of realizing the 1.5 °C target of climate change. However, future research pri-
orities formulated indicate that there are still various challenges to be addressed while
time is pressing.
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A Appendix: Characterization of the
sorbent

Parts of this appendix have been published in a peer-reviewed journal article and in the
corresponding supplementary information.240

A.1 State of the art: liquid sorbents

Strong interactions between sorbent and adsorbt provided by chemisorbents are required
for an efficient realization of air capture technologies. Thus, use of solutions containing
inorganic compounds is preferred to application of organic solutions that physically bind
CO2.41,85 In particular, research of liquid sorbents focuses on alkali and alkali-earth hy-
droxides. Besides others, calcium hydroxide Ca(OH)2 belongs to this class of sorbents.
Its ability to form calcium carbonate (CaCO3) in a reaction with CO2 built the basis for
one of the first air capture concepts proposed.84 High binding energy between CO2 and
the hydroxide allows for selective capture of CO2. However, it comes along with a consid-
erable energy requirement of the regeneration process99 that includes high-temperature
calcination (> 700 °C) of the carbonate to calcium oxide (CaO) associated with a heat
requirement of 179 kJ mol−1.67 Besides this drawback, Ca(OH)2 only shows a compara-
tively low solubility in water, which limits the specific capacity of the liquid sorbent.67

Consequently, alternative sorbents have become subject to a more detailed investigation.
Change of the hydroxide to a sodium based system would allow to use regeneration con-

cepts known from the paper industry (Kraft process). Moreover, this systems offer the ad-
vantage of a high water solubility of the carbonate formed.67,295 However, also for sodium
hydroxide (NaOH) the binding energy of CO2 is significantly higher than required.99 This
results in a minimum energy demand of the separation process of 109 kJ mol−1, with the
Kraft process also including a high temperature calcination step with a high energy re-
quirement of 179 kJ mol−1. Consequently, also the application of sodium based aqueous
sorbents will come along with considerable energy demands.67,296 Besides the aforemen-
tioned hydroxides, potassium carbonate (KOH) might be applied as sorbent.297 However,
reasoned in its higher costs compared to NaOH solutions, it is less intensively researched.67

A.2 Applicability of BTC and TGA: ranges of validity

Pre-tests have been performed to investigate the range of validity of the measuring devices
used. Generally, both experimental methods allow investigations in the Pa and kPa-range
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of CO2 partial pressure. However, considering BTC experiments, presence of CO2 at a
partial pressure in the kPa-range could lead to non-isothermal behavior, not observed at
Pa-level (Appendix A.3.4). To avoid this difficulty, one might consider to lower the gas
volume flow. But only limited changes are possible reasoned in the operation range of
the IR gas analyzers (20 l h−1≤ V̇IR,G≤ 100 l h−1).171 Decrease of sample mass would be
an alternative. But this would result in a faster breakthrough that leads to a reduced
accuracy of the measurements. In dry residence time experiments the time scale of initial
breakthrough is found to be in the order of 13 s, while an additional time span of typically
less than 8 s is required to reach 50 % of the final mole fraction. Thus, only a minor
influence of this effect is noticed at Pa-level, at which adsorption times can exceed several
hours. However, at high kPa-level the time scale of adsorption experiments typically lies
in the order of 100 s, even at low adsorption temperatures. This indicates severe influence
of residence time effects. Consequently, the range of validity of BTC experiments in
the setting build up at high mole shares of the species to be adsorbed, especially in
combination with high temperature levels, is limited.

TGA experiments were investigated for their applicability to measure the sorbent equi-
librium loading at the CO2 concentrations of interest. Long adsorption times required at
Pa-level that can exceed several hours can result in comparatively high errors attributed
to drifts of the mass measured in the TGA and minor fluctuations in the mass measured
can limit the range of accuracy, especially at low sorbent loadings of significantly less than
1 mol kg−1 expected (Appendix A.4.7). This indicates that the range of validity of TGA
measurements at Pa-level is limited.

As a result of this basic analysis, TGA experiments are performed for investigations
in the CO2 mole fraction range larger than 1 % and BTC experiments are realized to
investigate the sorbent loading and adsorption kinetics in the ppm mole fraction range
(reference pressure ca. 105 Pa). As no humidification setup could be build up for TGA
experiments, the analysis of humidity influence on CO2 adsorption is limited to Pa-level
experiments.

A.3 BTC experiments

This section provides more detailed information about the BTC experiments performed.
Appendix A.3.1 gives a detailed insight into the materials and experimental design used.
Based on this information, Appendix A.3.2 - A.3.4 discuss the evaluation of the sorbent
loading, temperature profile and of the pressure levels. Moreover, insight into the process-
ing of humidity data is given (Appendix A.3.5). Finally, the analysis of kinetic informa-
tion (Appendix A.3.6) and the derivation of error bounds (Appendix A.3.7) is presented
in detail.

A.3.1 Material and experimental design

In this section the experimental setting and material used (Appendix A.3.1.1) is outlined.
Moreover, a detailed insight into the adsorber design (Appendix A.3.1.2) is given.
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A.3.1.1 Experimental setting and material

The detailed flow sheet of the BTC laboratory plant is outlined in Figure A.1, while a
summary of the key equipment and of the material used is given in Table A.1. Automated
plant control is realized by a Labview 169 interface, which is connected to the measurement
devices and to the controllers via Apax modules from Advantech,298 provided by the elec-
tronic workshop of TU Dortmund University.

Three thermal mass flow controllers from Bronkhorst (EL-Flow)170 allow for realization
of defined gas flows of N2, CO2 and test gas, i.e., synthetic air with a defined fraction of
CO2. All gases are provided by Messer.299 Their purities are summarized in Table A.1.
Temperature and pressure is recorded at various positions in the plant. Multiple temper-
ature measurements are realized inside the adsorber by means of a 5-point thermocouple
provided by SE Sensor Electric.300 Moreover, pressure, temperature and relative humid-
ity measurements are recorded at the adsorber inlet and at its outlet. Besides, CO2

share in the gas phase can be evaluated by two infrared devices, URAS26 EL3020 from
ABB.171 These allow for in situ determination of the CO2 gas phase content in the range
0 – 500 pmm (IR-1) and 0 – 40 % (IR-2).

After leaving the mass flow controllers the gas can either be send to the IR devices, to
the adsorber or to the humidifier. The design of the latter unit is visualized in Figure A.2.
It is made up of a vessel with cooling jacket for temperature control. In its inner volume
humidification of the gas phase is realized by dispersion of the gas flow inside the liquid
phase. H2O saturation pressure is adjusted by temperature control of the liquid phase via
heat exchange with a cooling brine that flows inside the cooling jacket. The temperature
of the brine is controlled via a cryostat with circulation pump (F-25 ME) from Julabo.301

To avoid unwanted condensation of water, pipes and valves between the humidifier and
adsorber are heated, by means of four electric heating belts from HORST,302 and isolated.
Temperature control is also required in the adsorber, the design of which is discussed in
detail in Appendix A.3.1.2. It is realized by flow of a heating medium (silicon oil M50)
through the double jacked of the adsorber. The heating medium temperature is controlled
by two thermostats with circulation pumps. To reduce heating and cooling times, ther-
mostat 1 (MV-4, Julabo)303 provides a heating medium flow at adsorption temperature,
while thermostat 2 (SE-6, Julabo)304 keeps the heating medium temperature at desorp-
tion temperature. By adjusting the various three way valves between the thermostats and
adsorber, simultaneous operation of both thermostats is possible. Moreover, to allow for
a better adjustment of the adsorption temperature, additional cooling of thermostat 1 is
realized by means of a cooling spiral flown through with cooling water with a temperature
of ca. 7 °C. Besides, additional cooling of the adsorber can be enabled by means of VE
water flow through the cooling spiral inside of the adsorber heating jacket.

Leaving the adsorber, the gas phase can be cooled down in a cooler, which is real-
ized as an inclined cylindrical vessel (DCon,in≈ 3 cm, LCon≈ 24 cm) with cooling jacket
and internal cooling spiral. Temperature control is realized by cooling water flow with
a temperature of ca. 7 °C. If a gas stream with relative humidity level close to or above
its saturation point enters the gas cooler, reduction of the humidity level can be reached
within this unit. Possible water condensed is removed in the separator, which is realized
as a T-connector in the pipe, with the water being stored in the lower part of the hori-
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Figure A.1: Detailed flow sheet of the experimental setting used for BTC experiments. For reasons
of clarity cooling water flow and adsorber design are not depicted in detail. For a detailed insight
into the adsorber design, the reader is referred to Appendix A.3.1.2.
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Figure A.2: Basis design of the humidifier used in BTC experiments. In contrast to the gas and
cooling brine flow, the flow of water is not continuous. For reasons of clarity the isolation of the
device is not shown.

zontal tube of ca. 6 mm diameter. The tube used as water reservoir is closed during the
experiments. Its length measured from the T-connector to the closed end is ca. 4 cm. As
an additional safety measure to prevent entrainment of water into the IR devices, removal
of this component is realized by means of a filter (Disposable filter 50K, ABB).

A.3.1.2 Adsorber design

The basic design of the adsober, including the humidity measurement, is visualized in
Figure A.3. Key dimensions and properties are summarized in Table A.2.

As shown in Figure A.3 the design of the adsorber and of the measurement devices
associated can be subdivided in three main parts. These are the humidity measurements,
the central part of the adsorber, i.e., the element between the heating spirals, and the
upper / lower connectors with associated measurement devices. The central part of the
adsorber has been taken from the inventory of the Laboratory of Chemical Reaction En-
gineering (CVT), whereas all other parts shown have been designed and built within the
course of this contribution.

At the adsorber inlet and at its outlet the relative humidity in the gas phase is mea-
sured. To avoid water condensation and strong temperature differences relative to the
sorbent bed, the probes for humidity measurement are inserted via common PTFE screw
connectors (GL25, Schott)310 into a gas phase that is surrounded by a heating jacket. This
is flown through by the same thermal oil used for temperature control of the adsorber.
The piping between the humidity measurement devices and upper / lower glass elements
of the adsorber is kept at a minimum, i.e., at less than 1 cm.
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Table A.1: Equipment and material used to perform BTC experiments. *Workshop of TU Dortmund

University

Provided by Additional information Source

Equipment

Adsorber Glass workshop* Detailed description in Appendix A.3.1.2

Apax Box Electronic workshop*

Advantech

[298]

Cooler Glass workshop*

(CVT inventory)

Pipe with cooling jacket and cooling spiral

DCoo,in≈ 3 cm, LCoo≈ 24 cm

Cryostat Julabo Model: F-25 ME, cryostat with circulation pump [301]

Filter ABB Model: Disposable filter 50K

Heating belt HORST

Electronic workshop*

Model: 020302, electric heating belt

Module for power supply realized by electronic workshop

[302]

Humidifier Glass workshop*

(CVT inventory)

Vessel with cooling jacket and gas dispersing device

Visualization in Figure A.2
VHum,G≈ 97 ml, VHum,L≈ 74 ml

Humidity indicator GHM Messtechnik

VWR international

Model: TFS 0100 E, Capacitive polymer humidity sensors

Model: Qhygro-temp 60 (adsorber inlet), data processing
Model: GMH3350-CO (adsorber outlet), data processing

[172,
305]

Infrared device ABB Model: URAS26 EL3020, IR-1: 0 – 500 pmm, IR-2: 0 – 40 % [171]

Mass flow control Bronkhorst Model: EL-Flow, thermal mass flow controllers [170]

Scale Kern & Sohn Model: ALS 220-4 [306]

Thermocouple
(1-point)

CVT inventory Type K (NiCr-Ni)

Thermocouple
(5-point)

SE Sensor Electric Type K (NiCr-Ni), DThe≈ 5 mm [300]

Thermostat Julabo Model: MV-4 (thermostat-1), SE-6 (thermostat-2)

Thermostat with circulation pump

[303,
304]

Pressure sensor Gems

WIKA

0 Pa≤ pmea≤ 2.5 · 105 Pa

Model: 3300B025A05G000 (Gems, adsorber inlet and outlet)
Model: S-10-A-SBF-GB-ZGA4ZAZ-ZZZ (WIKA, periphery)

[307,
308]

Gas

Nitrogen Messer Quality: technical [299]

Test gas

(ppm fraction)

Messer CO2 in syn. air, quality CO2: 4.5, quality syn. air: 5.0

Relative error in CO2 content ± 2 %

[299]

Test gas

(% fraction)

Messer CO2 in N2, quality CO2: 4.5, quality N2: 5.0

Relative error in CO2 content ± 2 %

[299]

Additional material

Cooling brine TU Dortmund Uni. Mixture of VE water (TU Dortmund University) and
isopropanol Volume ration ca. 7 : 3

Cooling water TU Dortmund Uni. Provided by TU Dortmund University, temperature ca. 7 °C

Glass beads Netzsch GlasBeads 0.5, DGla≈ 0.4 – 0.6 mm, ρGla = 2.5 · 103 kg m−3 [173]

Lewatit Lanxess Information summarized in Table 3.4 [162]

Silicon oil CVT inventory Silicon oil M50

VE water TU Dortmund Uni.
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Figure A.3: Closeup of the adsorber column and of the humidity indicators. All devices shown are
isolated with glass wool. For reasons of clarity the isolation is not depicted in detail. Characteristic
dimensions and properties of the adsorber are summarized in Table A.2.

Glass elements below and above the adsorber central element provide PTFE screw
connectors for pressure (GL18, Schott)310 and temperature probes (GL14, Schott).310

Temperature control is realized by a heating jacket. The thermal oil used also flows
through the adsorber heating jacked and through the heating spirals that surround the
PTFE screw elements (GL32, Schott)310 used to connect the adsorber central part to the
upper and lower glass elements.

The central element of the adsorber is made up of a glass tube with a diameter of 2 cm
that is surrounded by a heating jacket. In addition to thermal oil flow for heating purpose,
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Table A.2: Characteristics of the adsorber.

Characteristics Source

Bed

Bed height LB Adsorber bed height, LB = 17.4 cm

Bed diameter DB Adsorber bed diameter, DB = 2 cm

Void fraction ψB Bed void fraction for calculations, ψB = 0.34

Fill

Sorbent mSor Lewatit VP OC 1065

Sorbent mass (air dried) mSor,loa≈ 5.01 g, sorbent mass mSor≈ 4.27 g
(Appendix A.4.2)

[162]

Glass beads mGla GlasBeads 0.5

Mass (adsorption experiments) mGla≈ 75.12 g
Mass (breakthrough curve experiments) mGla≈ 86.98 g

[309]

Thermoelement
(5-point)

Height LB,The Height of thermoelement in bed, LB,The≈ 11.3 cm

Diameter DThe Diameter of thermoelement, DThe≈ 0.5 cm [300]

Gas phase

Height (in) LG,in Height of gas phase above bed (up to adsorber inlet), LG,in≈ 23.6 cm

Height (out) LG,out Height of gas phase below bed (up to adsorber outlet), LG,out≈ 17 cm

Diameter DG Diameter of gas phase, DG≈ 2 cm

flow of VE water through a cooling spiral inside the double jacket is possible. Connectors
for cooling water flow and all connectors for thermal oil are of common PTFE screw
type (GL18, Schott).310 The fixed bed is made up of the sorbent and of glass particles
(Table A.2). It is supported by a glass frit that allows for gas flow while preventing
sorbent and glass particles from leaving the adsorber. Information about the temperature
profile inside the bed is obtained using a 5-point thermocouple,300 which records the
temperature at 5 cm intervals, starting at the lower end of the device. Moreover, a single
point temperature measurement is realized directly below the glass frit.

A.3.2 Sorbent loading

The loading of CO2 in dry (Appendix A.3.2.1) and humid atmosphere (Appendix A.3.2.2),
as well as of H2O (Appendix A.3.2.3) on Lewatit is determined via breakthrough curve
experiments, the results of which are exemplified in Figure A.4.

A.3.2.1 CO2 loading in dry atmosphere

Figure A.4(a) depicts the results obtained from CO2 BTC experiments in dry atmosphere.
The typical sigmoidal evolution of the CO2 mole fraction yAdsout,G,CO2,exp measured at the
adsorber outlet with time t is observed. Minor fluctuations in the profiles recorded are only
noticed at CO2 shares close to the mole fractions expected to be reached in equilibrium
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Figure A.4: Examples of experimentally obtained breakthrough curves. (a) CO2 breakthrough
curves for a mole fraction set of 400 ppm at a system pressure pexp,asp of 1 · 105 Pa. Different
temperature level Texp,asp investigated are shown in shades of gray (from dark to bright): 30, 40,
60, 80 and 100 °C. (b) CO2 breakthrough curves for a mole fraction set of 400 ppm and temperature
level Texp,asp of 30 °C, for levels of relative humidity aspired φrh,exp,asp shown in shades of gray (from
dark to bright): 0, 25 and 50 %. (c) Breakthrough curves of water measured at the adsorber inlet
(•) and at its outlet (•) recorded at φrh,exp = 50 % and Texp,asp = 30 °C.

with the solid phase. As expected, increase in operation temperature Texp,asp shifts the
start of the breakthrough to lower times.

Sorbent loadings are calculated by means of (3.1). The start of the adsorption time is
determined based on the response of the mass flow controller and of the operation pressure
recorded to the change in the flow controller set point, to account for delays in its response.
The experiment is stopped when the influence of fluctuations observed exceeds the general
trend of increase in measurements. This way, relative differences between the maximum
mole fraction recorded and equilibrium mole fraction expected based on the certified mole
fraction of the test gases used of less than 1.2 % are reached. However, the maximum mole
fractions recorded are noticed to exceed the levels expected based on the certificate of the
test gases used. This is mainly attributed to the sensitivity of the IR device used towards
temperature as well as to the confidence range of the test gas mole fractions of ± 2 %
given by the vendor.299 However, the realization of multiple IR re-calibration cycles in
dependence of the experimental parameters seems not beneficial with respect to the error
arising from re-calibration and to the comparability of the experiments. Nevertheless, to
account for the inaccuracies named, mole fractions measured are scaled (yAdsout,G,CO2,sca)
such that the maximum mole fraction recorded equals the mole fraction defined by the
test gas certificate. Moreover, the final time in evaluation of the integral in (3.1) is defined
by the point in time at which the maximum mole fraction is recorded.

Great care is taken to ensure that the volumes of the adsorber and of its periphery
are kept as small as possible. A detailed analysis reveals residence time effects to take
small influence on low temperature measurements, e.g., the sorbent loadings calculated
are affected by less than 0.5 % for measurements taken at 30 °C. However, a significant
influence on high temperature measurements is noticed, e.g., an increase of the loading
calculated in the order of 40 % for measurements taken at 100 °C is noticed. Consequently,
to account for this effect in the calculation of the sorbent loadings, qCO2 obtained based
on (3.1) is reduced by the fictitious loading ∆qres,CO2 derived via application of (3.1) on
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breakthrough curves obtained from residence time experiments. CO2 loadings determined
by application of the procedure described are summarized in Table A.3.

Table A.3: CO2 loading qeql,CO2,exp obtained from BTC experiments in dependence of the CO2

partial pressure pCO2,exp,asp and temperature level Texp,asp aspired to be realized in the experiments.
The loading is given in the dimension mol kg−1.

Texp,asp pCO2,exp,asp

/°C /Pa
10 20 30 40

30 0.449 0.652 0.745 0.911
40 0.245 0.367 0.443 0.516
60 0.042 0.073 0.110 0.127
80 0.006 0.011 0.016 0.022

100 0.001 0.002 0.003 0.004

A.3.2.2 CO2 loading in humid atmosphere

Figure A.4(b) visualizes the dependency of the CO2 breakthrough curves measured on
the level of relative humidity present. Similar to the experiments performed in dry atmo-
sphere (Appendix A.3.2.1), sigmoidal mole fraction profiles are recorded. Formation of an
offset in the mole fraction data recorded by the IR device is noticed to be caused by the
water content in the gas phase. As indicated in Figure A.4(b), the observed offset appears
to take on a constant value. This motivates its correction by reducing the measured CO2

fractions by a constant offset. To account for minor, fast fluctuations within the mea-
surements taken, this correction is determined based on the mean mole fraction recorded
over the first 180 s after the start of the experiment for co-adsorption measurements, first
6 s for residence time measurements, respectively. After this correction is applied, the de-
termination of sorbent loading qCO2 is performed in analogy to the evaluation of the dry
sorbent loading (Appendix A.3.2.1). Here, additionally the diluting effect of water vapor
on CO2 mole fraction is considered. Moreover, separate experimental investigation and
correction of residence time effects is performed. CO2 loadings obtained are summarize
in Table A.4.

A.3.2.3 H2O loading

The evolution of the water breakthrough curves in time is exemplified in Figure A.4(c). In
contrast to CO2 BTC experiments the H2O mole fraction in the gas phase is determined
before and after the adsorber unit. Mole fraction data are derived from relative humidity
φrh,exp measurements under the assumption of ideal gas phase behavior. The water satu-
ration pressure psat,H2O required for the calculation is evaluated by means of basic Antoine
equation with a parameter set given by Poling et al..126 Time resolved information on gas
phase temperature and pressure required are provided by the humidity indicators and
pressure sensors, respectively, before and after the adsorber.
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Table A.4: CO2 loading qeql,CO2,exp obtained from BTC experiments in dependence of the CO2

partial pressure pCO2,exp,asp and relative humidity level φrh,exp,asp aspired to be realized in the
experiment. Operation at a temperature Texp,asp of 30 °C is targeted. The loading is given in the
dimension mol kg−1.

φrh,exp,asp pCO2,exp,asp

/% /Pa
10 20 30 40

0 0.449 0.652 0.745 0.911
25 0.734 0.928 1.108 1.177
50 0.921 1.098 1.291 1.392

A fast increase in H2O mole shares with time is recorded before the adsorber, whereas
a sigmoidal evolution of this state variable in time domain is observed at the adsorber
outlet. Great care is taken to achieve step function-like profiles measured before the
adsorber. However, overshoots could not always be avoided. These are attributed to the
strong dependency of the profiles obtained on the experimental setting, especially on the
water bath temperature and on the pipe heating.

The sorbent H2O loading is determined by means of equation (3.1). Similar to the
calculation of the CO2 loading (Appendix A.3.2.1 and A.3.2.2), the starting point of the
integration is defined based on the response of the mass flow controller and of the operation
pressure to a change in the flow controller set point. The experiment is stopped when the
formation of a plateau in the humidity data recorded is observed. This is, the slope of the
water mole fraction profile recorded over the last 180 s of the experiment (resolution of
2 s) takes values below 0.5 % min−1 relative to the mean mole share measured. However,
even if the humidity indicators have been calibrated with great care, minor variations
between the mole fractions obtained at the adsorber inlet and at its outlet are observed.
A detailed analysis suggests that these effects result from measurement inaccuracies of
the humidity indicators rather than adsorption effects. To minimize these inaccuracies,
all mole fraction profiles, including H2O residence time measurements, are scaled such
that the mean H2O mole share calculated from the data taken over the last 180 s of the
measurement at a single humidity indicator (yG,H2O,sca) equals the mean H2O fraction
calculated based on the yG,H2O,exp profiles of both humidity indicators in this time frame.

Residence time effects are found to affect the sorbent loadings calculated by less than
8 %. Similar to the determination of the CO2 loadings, these inaccuracies are mini-
mized by consideration of the fictitious loading ∆qres,H2O derived via application of (3.1)
on breakthrough curves obtained from residence time experiments. An overview of the
sorbent loadings qeql,H2O,exp in dependence of the mean relative humidity φrh,exp,ads,endmen

(Appendix A.3.5), pressure pexp,ads,endmen (Appendix A.3.3) and temperature Texp,ads,endmen

(Appendix A.3.4) in the sorbent bed is given in Table A.5.
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Table A.5: Sorbent loadings qeql,H2O,exp in dependence of the mean temperature Texp,ads,endmen

and of the mean relative humidity φrh,exp,ads,endmen
for different temperature levels aspired to be

reached in the experiment Texp,asp.

Texp,asp Texp,ads,endmen φrh,exp,ads,endmen qeql,H2O,exp

/°C /°C /- /mol kg−1

25.0 26.1 0.18 1.27
25.0 25.9 0.39 2.91
25.0 25.8 0.51 3.87
25.0 25.8 0.73 6.18

30.0 30.2 0.10 0.75
30.0 31.3 0.18 1.47
30.0 30.0 0.19 1.52
30.0 31.7 0.21 1.34
30.0 30.3 0.23 1.63
30.0 30.4 0.23 1.83
30.0 30.0 0.23 1.66
30.0 31.0 0.23 1.69
30.0 30.9 0.26 1.83
30.0 30.7 0.27 1.76
30.0 29.9 0.28 2.23
30.0 30.7 0.36 2.42
30.0 30.1 0.43 4.92
30.0 30.6 0.47 3.37
30.0 30.2 0.47 4.10
30.0 30.3 0.48 4.31
30.0 30.3 0.48 3.66
30.0 30.0 0.51 4.62
30.0 31.1 0.57 4.91
30.0 31.2 0.61 5.80
30.0 31.2 0.62 5.38
30.0 31.4 0.67 6.75
30.0 30.7 0.72 7.26

40.0 40.1 0.09 0.61
40.0 40.1 0.18 1.35
40.0 40.2 0.41 2.61
40.0 40.0 0.54 4.56

A.3.3 Pressure levels

The operation pressures in the adsorber bed relevant for the evaluation of the adsorption
isotherms and for the kinetics are measured by the pressure indicators before and after
the adsorber unit. A low pressure loss over the adsorber bed is recorded that typically
takes values in the order of 2 · 103 Pa. This motivates definition of the bed pressure as
the mean value recorded by the indicators. This operation parameter typically lies in
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the order of 1.04 · 105 Pa. For the isotherm analysis, the mean over the measurements
taken in the last 180 s of the evaluation time defines the bed pressure (pexp,ads,endmen). For
kinetic evaluation this parameter is determined by the mean pressure over the time frame
during which the kinetic analysis is performed (pexp,kin,men). The CO2 partial pressure for
isotherm evaluation is defined via the product of pexp,ads,endmen with the CO2 gas phase
mole fraction given by the test gas certificate. For humidity measurements the CO2 mole
share is corrected by the dilution effect of water vapor. Similarly, the reference CO2 partial
pressure for kinetic evaluation pCO2,exp,kin,men is calculated via the product of pexp,kin,men

and the test gas CO2 mole fraction.

A.3.4 Temperature levels

Temperature is recorded at three positions in the sorbent bed. The bed temperature is
defined based on the mean of these measurements. In analogy to the pressure level (Ap-
pendix A.3.3), temperature levels for isotherm evaluation Texp,ads,endmen and for kinetic
evaluation Texp,kin,men are defined. During the adsorption experiments a maximum varia-
tion of temperature with time at the single measuring points of less than 1.5 °C for CO2

measurements, 6.7 °C for H2O measurements, respectively, is observed. High temperature
variations in H2O adsorption experiments are attributed to the heat release by adsorption.
Consequently, hot spot formations in the early phase of the adsorption experiments are
noticed. However, maximum deviations between the mean bed temperature during ad-
sorption and the temperature level aspired Texp,asp of less than 1.5 °C for CO2 adsorption
experiments and of 1.9 °C for H2O adsorption measurements underline that the adsorber
in general operates close to the temperature level aspired.

A.3.5 Relative humidity levels

The level of relative humidity is determined by the humidity indicators before and after
the adsorber. As discussed in Appendix A.3.2.3, time resolved data obtained are converted
to scaled H2O mole fraction profiles yG,H2O,sca. The mean mole fraction yG,H2O,exp,ads,endmen

is defined in analogy to pexp,ads,endmen (Appendix A.3.4). Finally, the mean relative
humidity in the sorbent bed φrh,exp,ads,endmen is obtained based on the state variables
yG,H2O,exp,ads,endmen , pexp,ads,endmen and Texp,ads,endmen . Here, ideal gas behavior is assumed
and the water saturation pressure psat,H2O is calculated by means of basic Antoine equa-
tion126.

A.3.6 Kinetic parameters

In this section the thermophysical model used for evaluation of the adsorption kinetics
based on the BTC experiments conducted is outlined (Appendix A.3.6.1). The thermo-
physical interpretation of the driving force coefficient is discussed (Appendix A.3.6.2) and
the results obtained from data fit (Appendix A.3.6.3) based on these models are ana-
lyzed (Appendix A.3.6.4). Moreover, the evaluation of the kinetics for humid gas phase
conditions is discussed in Appendix A.3.6.5.
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A.3.6.1 Thermophysical model

In analogy to the evaluation of the equilibrium loading (Appendix A.3.2), the analysis
of CO2 adsorption kinetics is based on single point measurements (yAdsout,G,CO2) at the
adsorber outlet. The time resolved information taken at this point are influenced by the
state variable profiles formed in the adsorber. Consequently, the thermophysical model
proposed needs to take into account the evolution of state variables along the adsorber
axis. No significant influence of wall effects is expected, as the limiting diameter of gas
flow within the column even in the worst case scenario is in the dimension of 15 particle
diameters.311 Thus, a one-dimensional modeling approach is proposed that assumes ideal
gas behavior in an adsorber with axial dispersed plug flow. As the cross-section area of
the thermocouple housing inside the adsorber only reduces the adsorber cross-section by
6.25 %, influence of this device is not accounted for in the modeling. For more detailed
information on the adsorber design and on the sorbent bed configuration, the reader is
referred to Appendix A.3.1

The evolution of the CO2 concentration in the gas phase cG,CO2 is defined by

∂cG,CO2

∂t
=− ∂

∂x
(uG · cG,CO2) +

∂

∂x

(
Ddis,x ·

∂cG,CO2

∂x

)
− kdf,ads,CO2 · ρB,Sor

ψB

· (qeql,CO2 − qCO2)nord .

(A.1)

Here, Ddis,x describes the axial dispersion coefficient

Ddis,x =
Ddif,CO2,Air,mol√

2
+

uG · Dmen,P

2
(A.2)

calculated in dependence of the diffusion coefficient Ddif,CO2,Air,mol, the derivation of which
is summarized in Table B.3, and of the mean particle diameter Dmen,P.311 In good accor-
dance to the effective particle diameter of Lewatit162 and to the mean diameter of the glass
beads309 used, Dmen,P takes a value of 0.5 mm. Moreover, axial dispersion is influenced by
the gas phase velocity uG, the profile of which is evaluated by

0 = −cG ·
∂uG

∂x
− kdf,ads,CO2 · ρB,Sor

ψB

· (qeql,CO2 − qCO2)nord . (A.3)

This equation is derived based on the assumption of operation at constant pressure
pexp,kin,men and temperature Texp,kin,men. Determination of these state variables is out-
lined in Appendix A.3.3 and A.3.4. Equation (3.4) that describes the evolution of sorbent
loading qCO2 , completes the set of equations used. This is solved by means of time in-
tegration via Matlab®178 after discretization of the spatial domain via a finite volume
schema (method of lines, MOL)312.

Boundary conditions applied represent an ideal step function of the concentration pro-
file in time domain at the adsorber inlet. The conditions in spatial domain read

cG,CO2 |x=0,t = cAdsin,G,CO2 +
Ddis,x

uAdsin,G

· ∂cG,CO2

∂x
(A.4)
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∂cG,CO2

∂x

∣∣∣∣
x=LAds,B,t

= 0 (A.5)

uG|x=0,t = uAdsin,G , (A.6)

whereas the initial conditions can be summarized as follows

cG,CO2 |x,t=0 = 0 (A.7)

qCO2 |x,t=0 = 0 . (A.8)

The gas phase concentration at the adsorber inlet cAdsin,G,CO2 is calculated based on the
gas phase properties in the adsorber and on the CO2 mole share in the test gas. Moreover,
the gas phase velocity at the adsorber inlet uAdsin,G is assumed to stay constant in time
and to take the average value calculated from the data recorded by the corresponding
mass flow controller during the time frame of kinetic investigation uAdsin,G,exp,kin,men.

Note that the model proposed focuses on the influence of the adsorber on the shape
of the mole fraction profile recorded by the IR device. Consequently, it does not include
influences of residence time distribution by the adsorber peripheries. A slow increase in
CO2 mole fraction that can exceed several hours in low temperature adsorption measure-
ments is notices, whereas less than 8 s are required to reach 50 % of the final mole fraction
starting from the first increase in mole fraction detected in the residence time experi-
ments. This suggests that the influence of the residence time distribution that arises from
the adsorber peripheries is small for low-temperature experiments and, thus, motivates
to place the focus of the kinetic analysis on experiments conducted at Texp,asp≤ 60 °C. In
line with the determination of the sorbent loading (Appendix A.3.2), the influence of dead
times, which is not captured by the model itself, is taken into account to further increase
the accuracy of the kinetic evaluation. This is realized by shifting the start time of the
kinetic evaluation compared to the start of the adsorption experiment by

∆tdea,kin =
∆qres,CO2 ·mSor

cAdsin,G,CO2 · V̇Adsin,G,exp,kin,men

− VAds,B,Voi

V̇Adsin,G,exp,kin,men

. (A.9)

VAds,B,Voi is defined as the sorbent bed void space and V̇Adsin,G,exp,kin,men describes the
mean gas phase volume flow that enters the adsorber during evaluation of the adsorption
kinetics.

Besides residence time considerations, the choice of an appropriate isotherm model
becomes crucial in the evaluation of the adsorption kinetics. To increase the accuracy of
the kinetic fit, the evaluation of the equilibrium loading is performed based on isotherm
model 4 (Table 3.1).

A.3.6.2 Driving force coefficient

Determination of the driving force coefficient kdf,ads,CO2 becomes a central element of the
kinetic investigation. As a lumped parameter it combines the adsorption kinetics as well
as mass transfer resistances in the sorbent particle and in the fluid film that surrounds
the particles.
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Contribution of film transfer resistances to the overall mass transfer resistances can be
estimated by evaluation of the Biot number116,313–315

BiCO2 =
kdf,GP,CO2 · DP

6 ·Ddif,P,CO2

(A.10)

that depends on the mass transfer coefficient between the gas and particle phase kdf,GP,CO2 ,
on the particle diameter DP, which is estimated to be the center of the particle size range
for Lewatit given by the vendor162 of 0.775 mm (Table 3.4), and on the effective diffusion
coefficient of the specie in the particle Ddif,P,CO2 . The transfer coefficient kdf,GP,CO2 can
be calculated based on the system Sherwood number

ShCO2 =
kdf,GP,CO2 · Dmen,P

Ddif,CO2,mol

, (A.11)

which can be determined based on common correlations for fixed bed systems, e.g., by
Gnielinski, provided in the literature.116,315

If mass transport limitations in the particle are the rate limiting step in the adsorption
process, the linear driving force coefficient

kdf,ads,CO2 =
60

D2
P

·D∗dif,CO2,eff (A.12)

can be correlated to the pseudo, lumped diffusion coefficient D∗dif,CO2,eff of the species in
the particle.127

Different transport mechanisms, e.g., molecular diffusion, Knudsen diffusion, viscous
flow and surface diffusion can contribute to the mass transfer in the particle.127 Com-
monly, diffusion limitations in the macro pores are identified as the rate limiting step of
the adsorption process,127 which is in accordance with the kinetic study of CO2 adsorption
on Lewatit by Bos et al..164 If this is the case,

kdf,ads,CO2 =
60

D2
P

·
Ddif,Por,CO2,eff

τPor,eff

1 + ρP

εP
· ∂qCO2

∂cCO2

(A.13)

might allow for a first estimate of the linear driving force coefficient.127,313,314 Here,

Ddif,Por,CO2,eff

τP,eff

=

(
τPor,mol

Ddif,CO2,mol

+
τPor,Knu

Ddif,CO2,Knu

)−1

(A.14)

combines the molecular diffusion in the pore (Table B.3) and Knudsen diffusion, estimated
via

Ddif,CO2,Knu =
4

3
· DPor ·

(
Rid · T

2 · π ·MCO2

)0.5

.127 (A.15)
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Corrections by tortuosities τPor,i are applied to account for non-linearity of the pores. One
may use empirical correlations to relate τPor,mol and τPor,Knu, e.g.,

τPor,Knu = τ 1.7
Por,mol .

127 (A.16)

The reader is referred to the contribution of Birkmann314 for a detailed discussion on
the different contributions to kdf,ads,CO2 . However, already the simplified approach defined
in (A.13) allows for an important insight into the characteristics of the linear driving force
concept. This is, kdf,ads,CO2 combines information on the kinetics of the adsorption process
as well as on its thermodynamics, i.e., on slope of the adsorption isotherm.

A.3.6.3 Data fit

A data fit to minimize the least square error between the simulated and the scaled, exper-
imentally obtained mole fraction data (yAdsout,G,CO2,sca, Appendix A.3.2) at the adsorber
outlet is performed, using Matlab®178 non-linear data fitting routine. A simultaneous de-
termination of the kinetic parameters kdf,ads,CO2 and nord is realized. The comparatively
long tailing of the breakthrough curves in the close vicinity of the gas phase equilib-
rium composition is observed to take strong influence on the kinetic fit. Consequently,
to minimize errors attributed to this effect, the kinetic evaluation is focused on data
yAdsout,G,CO2,sca below 98 % of the gas phase equilibrium composition.

A.3.6.4 Results

A detailed investigation of the simulation results indicates that a 2-parameter fit allows for
good approximation of the experimental results. However, the results obtained addition-
ally indicate that model reduction to a linear driving force approach might be possible.
Indeed, detailed simulation studies reveal that by use of nord = 1 good agreement be-
tween the experimentally obtained and simulated breakthrough curves can be reached.
Figure 3.7(a) provides an example of the curves fitted.

To investigate the influence of operation temperature on the kinetics of the adsorption
process, kinetic coefficients kdf,ads,CO2 obtained (Table A.6) are visualized by Arrhenius
plot (Figure A.5(a)). Moreover, dependency of kdf,ads,CO2 on CO2 partial pressure is
depicted in Figure A.5(b). Minor dependency of kdf,ads,CO2 on CO2 partial pressure is
noticed, whereas strong increase of the kinetic constant with temperature is observed.
High coefficients of determination (Table A.7) indicate that the temperature dependency
can in good accordance be described by Arrhenius approach. Activation energies in the
order of 65 kJ mol−1 are obtained, which show a decrease with CO2 partial pressure in the
gas phase.

Even if a detailed evaluation of the contributions to kdf,ads,CO2 is out of the scope of
this contribution, basic investigations with reference to (A.13) are performed to investigate
the thermophysical consistency of the kdf,ads,CO2 data obtained. In line with the work of
Birkmann314 the evaluation is based on the mean slope of the adsorption isotherm. Based
on this approach estimates for τ−1

Por,eff · Ddif,Por,CO2,eff can be gained from kdf,ads,CO2 data
via (A.13). These are summarized in Table A.8 and allow for analysis of the system Biot
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Figure A.5: Visualization of results obtained from 1-parameter fit. (a) Dependency of kdf,ads,CO2

on the mean temperature measured during kinetic evaluation Texp,kin,men visualized by Arrhenius
plot for CO2 partial pressure levels aspired pCO2,exp,asp of 10 (∗), 20 (◦), 30 (�) and 40 Pa (�). (b)
Influence of mean CO2 partial pressure levels pCO2,exp,kin,men reached in the experiments on the
linear driving force coefficient kdf,ads,CO2

shown for temperature levels Texp,asp of 30 (∗), 40 (◦) and
60 °C (�).

Table A.6: Kinetic constant kdf,ads,CO2 in 10−3 s−1 mol1− nord kgnord − 1 as a function of the CO2

partial pressure pCO2,exp,asp and of the temperature level Texp,asp aspired to be realized in the
experiments. Driving force coefficient data kdf,ads,CO2

are obtained from 1-parameter kinetic fit
with nord = 1.

Texp,asp pCO2,exp,asp

/°C /Pa
10 20 30 40

30 0.50 0.56 0.74 0.79
40 0.81 1.23 1.38 1.45
60 6.05 5.85 5.98 6.22

Table A.7: Arrhenius parameters and associated coefficient of determination of the linear fit cal-
culated based on kdf,ads,CO2

data obtained from 1-parameter kinetic fit of the BTC data.

pCO2,exp,asp

/Pa
10 20 30 40

R2 /- 0.9717 0.9997 0.9950 0.9940
ln (kdf,ads,∞,CO2) in ln

(
s−1
)

21.7 19.4 17.1 15.7
EA /kJ mol−1 74.4 67.8 61.7 57.7

number defined in (A.10) by use of Ddif,P,CO2 = εP · τ−1
Por,eff · Ddif,Por,CO2,eff. Even in the

limiting case of negligible convective contribution to the gas phase mass transfer, BiCO2

takes values in the order of 46. This suggests that the mass transfer in the fluid film
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outside of the particle only takes a minor influence on the overall mass transfer resistance
such that the neglect of this contribution in the first case analysis performed seems to be
justified.

Table A.8: Effective diffusion coefficient of CO2 in the sorbent τ−1
Por,eff · Ddif,Por,CO2,eff in

10−6 m2 s−1, estimated from kdf,ads,CO2
data based on (A.13), in dependence of the CO2 partial

pressure pCO2,exp,asp and of the temperature level Texp,asp aspired to be realized in the experiments.

Texp,asp pCO2,exp,asp

/°C /Pa
10 20 30 40

30 2.08 1.63 1.72 1.59
40 1.79 2.09 1.93 1.82
60 2.59 2.23 2.13 2.00

Evaluation of temperature influence on the mean adsorption isotherm slope indicates
that the possible influence of the slope of the adsorption isotherm on the activation energy
of kdf,ads,CO2 decreases from 67 to 52 kJ mol−1 with pCO2,exp,asp. This suggests that the
activation energies of kdf,ads,CO2 found (Table A.7) are influenced by the slope of the
adsorption isotherms. Similarly the dependency of kdf,ads,CO2 on CO2 partial pressure
might be attributed to the non-linearity of the adsorption isotherms.

Table A.9: Effective diffusion coefficient of CO2 in the sorbent τ−1
Por,eff·Ddif,Por,CO2,eff in 10−6 m2 s−1,

predicted based on (A.14), in dependence of the CO2 partial pressure pCO2,exp,asp and of the
temperature level Texp,asp aspired to be realized in the experiments. The calculation is based on
pexp,kin,men and Texp,kin,men.

Texp,asp pCO2,exp,asp

/°C /Pa
10 20 30 40

30 1.92 1.91 1.92 1.91
40 1.96 1.96 1.96 1.95
60 2.04 2.04 2.04 2.04

Based on A.13 - A.16 the order of magnitude of contributions to the mass transfer in
the particle pores is investigated. Here, τPor,mol is used as a fit parameter. Best match
in a least-square sense between τ−1

Por,eff · Ddif,Por,CO2,eff data estimated from the experi-
ment (Table A.8) and predicted based on (A.14) (Table A.9) is reached for τPor,mol = 1.2
(τPor,Knu = 1.4). Good agreement between the data is noticed. Moreover, the order of
magnitude of the tortuosity factors determined seems to be low compared to the range of
tortuosities expected from theoretical considerations315 of 3 – 6 and to its value used for
Knudsen diffusion in Lewatit (τPor,Knu = 2.3) by other studies164. With a value of τPor,mol

at hand, the contribution of molecular and Knudsen diffusion to the mass transfer in the
sorbent pores can be estimated by means of (A.14). With shares in the order of 86 %
Knudsen diffusion is found to dominate τ−1

Por,eff ·Ddif,Por,CO2,eff.
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Overall, the basic analysis performed suggests that the kdf,ads,CO2 data determined are
physically sound and that these can allow for basic insights into the adsorption kinetics of
CO2 on Lewatit at CO2 partial pressures relevant for DAC applications. This motivates
more detailed research in the kinetics of this system to be performed in subsequent studies.

A.3.6.5 Kinetics under humid conditions

Even though the thermophysical model outlined in Appendix A.3.6.1 might be used in
the analysis of the kinetics of H2O and of CO2 – H2O co-adsorption, no detailed discus-
sion is given in this work. This is reasoned in the specific features of the adsorption
process. With regard to co-adsorption, profound 2-component isotherm data would be
required to allow for a reliable kinetic analysis. In this respect, the results summarized
in Section 3.2.3.2 indicate presence of complex interactions for CO2 adsorption in hu-
mid environment, which is in line with expectations based on theoretical investigations
(Section 3.1.2). This motivates a more detailed analysis of mechanistic models based on
which physically interpretable kinetic parameters might be derived. Even if this raises
an interesting research question, further evaluation of this direction is out of scope with
regard to the research priorities of this contribution.

Similarly, a detailed investigation of water adsorption does not seem to be target-
oriented. Overshoots in mole fraction profiles and comparatively small adsorption times,
which indicate presence of high residence time influence, increase the complexity of the
kinetic evaluation and limit the range of validity of the results obtained. On the other
hand, simulation results (Section 4.4) indicate that limitation by diffusion is to be expected
for CO2 adsorption in the concepts proposed. Thus, based on the significant excess of H2O
compared to CO2 in ambient air, a positive influence of the overall adsorption kinetics on
the DAC process, i.e., favored CO2 adsorption, seems unlikely. This is in line with the
findings of Wurzbacher et al.194 that, besides other, denote significantly faster kinetics of
H2O desorption compared to CO2 release.

A.3.7 Error estimation

Even if great care was taken to minimize experimental errors, the results obtained are
still subject to experimental inaccuracies attributed to the characteristics of the measure-
ment devices used. Basic error propagation studies316 are performed to investigate the
influence of these inaccuracies on the experimental data obtained. The procedure of error
estimation is outlined for CO2 adsorption from dry (Appendix A.3.7.1) and from humid
(Appendix A.3.7.3) gas phase. Moreover, errors arising in H2O adsorption experiments
are investigated (Appendix A.3.7.2). The influence of errors on the sorbent loading is
analyzed based on the evaluation of the state variable profiles over time, whereas inaccu-
racies in the state variables used for isotherm evaluation are investigated based on their
mean values at the end of integration time, which is in line with the basic evaluation
principle of BTC data outlined in Appendix A.3.2 - A.3.5.
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Table A.10: Overview of errors arising in BTC operation for CO2 adsorption from dry gas phase.
The order of magnitude of a single error is solely determined via reference experiments if no source
is given. Lower and upper limits of the single errors are presented.

Error source Variable Lower bound Upper bound Source

Sorbent loading qCO2

Sample mass δerr,Sca,msam /mg − 0.2 + 0.2 [306]

Sorbent mass δerr,φmlos,Sor
/- − 0.0045 + 0.0093

Gas composition δerr,ysam,CO2
/- − 0.02 · ysam,CO2

+ 0.02 · ysam,CO2
[299]

MFC mole flow δerr,ṅMFC
/mol s−1 − 0.04 · ṅMFC + 0.04 · ṅMFC

Residence time δerr,nres /mol − f (Φres,i ) + f (Φres,i )

Aging δerr,age /mol kg−1 ± 0
(
φnads,nads,age − 1

)
· qCO2

Pressure pCO2

Pressure level δerr,p,pCO2
/105 Pa − f

(
pBi

)
+ f

(
pBi

)
[307, 308]

Gas composition δerr,ysam,CO2
/- − 0.02 · ysam,CO2

+ 0.02 · ysam,CO2
[299]

Temperature TB

Temperature level δerr,TBi
,TB

/K − f
(
TBi

)
+ f

(
TBi

)
[300]

A.3.7.1 CO2 adsorption from dry gas phase

Table A.10 gives an overview of the single sources of errors considered for BTC experi-
ments in dry atmosphere. Worst case combinations of the error bounds given are used to
derive a pessimistic estimate of the overall error present.

The accuracy of the laboratory scale δerr,Sca,msam used to measure the weight of sample
filled in the adsorber and errors from the estimation of the dry sorbent mass δerr,φmlos,Sor

(Appendix A.4.7) are taken into account. CO2 loadings calculated depend on the sample
gas composition. Here, the vendor299 names a level of accuracy of ± 2 %. Additionally,
reference measurements indicate the accuracy of mass flow controller calibration δerr,ṅMFC

to be in the order of ± 4 %.

Also inaccuracies in determination of residence time corrections δerr,nres are taken into
account. A pessimistic estimate is given by use of the lowest or highest value for the
fictitious loading ∆qres,CO2 obtained from residence time experiments. Here, the influence
of errors in the state variables on the evaluation of this correction term are taken into
account to ensure the thermophysically consistency of the error bounds determined. Fi-
nally, in line with the observations of other research groups, aging effects δerr,age at high
temperatures are observed (Section 3.3.2). Reference experiments indicate capacity losses
of up to 9 % for operation above 80 °C, whereas high reproducability of the experiment
is underlined by deviations of less than 0.5 % between the reference experiments. Errors
introduced by the IR device are not explicitly taken into account, as these are minimized
by scaling of the measurements obtained during data processing (Appendix A.3.2).

Besides inaccuracies in sorbent loading qCO2 , also errors with regard to CO2 partial
pressure pCO2 need to be taken into account. The inaccuracies of the pressure indicators
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used are estimated to be in the order of 5 · 103 Pa.307,308 Moreover, pressure losses in
the sorbent bed, determined from the pressure indicators at its inlet and outlet (pBi )
are recorded to be in the order of 2 · 103 Pa. Both influences on the total bed pressure
determined are taken into account in the worst case estimate. Moreover, as the partial
pressure of CO2 is of interest in the evaluation of the isotherms, also the errors in the test
gas composition are considered.

The error estimate of the bed temperature considers the accuracy of the thermocouples
and of the mean temperature level at the end of the integration time recorded by each
thermocouple in the sorbent bed. The temperatures in the sorbent bed (TBi ) are measured
by type K thermoelements with an accuracy of ± 1.5 °C.300 With regard to isothermal
operation during CO2 adsorption, maximum temperature variations with time in the order
of 1.5 °C are observed at a single measuring point. Overall, the mean bed temperature
varies typically less than 1.5 °C from Texp,asp.

A.3.7.2 H2O adsorption

The error estimate for H2O adsorption is performed similarly to the evaluation of CO2

adsorption experiments (Appendix A.3.7.1). H2O mole shares in the gas phase are in-
directly determined based on the relative humidity and on the pressure level measured
before and after the adsorber. Absolute variations between the steady state values of the
H2O mole shares determined before and after the adsorber are typically in the order of
magnitude of 0.09 %.

Worst case estimates for minimum or maximum sorbent loading are realized by selection
of either the H2O mole share calculated before or after the adsorber as reference for the
scaling of the breakthrough curves (Appendix A.3.2.3), with the possible error of the
corresponding pressure indicator (± 5 · 103 Pa) being additionally taken into account. To
include inaccuracies in the determination of the residence time corrections, these are also
evaluate based on performing the scaling to the higher or lower H2O mole fraction profile
determined. The maximum or minimum loading, respectively, derived from the residence
time experiments is selected for correction purpose.

The mean relative humidity within the sorbent bed φrh,B depends on the mole share
of H2O, on the mean bed pressure and on the mean bed temperature. The calculation
of errors in the mole share is discussed in the previous paragraph. A worst case estimate
of the bed pressure with regard to the error bounds is reached by either setting the
bed pressure to the pressure level reached before or after the adsorber, which typically
diverge by 2 · 103 Pa. Additionally, the correction of the pressure level by the error of
the pressure indicator (± 5 · 103 Pa) is taken into account. Physically unsound estimates,
e.g., simultaneous correction of a pressure indicator to a higher level in the estimate for
yB,H2O and lower level in the estimate for the bed pressure, are excluded from the analysis.
With these estimates at hand, only the evaluation of the bed temperature TB is missing
in the derivation of the error bars for φrh,B. The maximum deviation of the temperature
recorded in the last 180 s of the experiments between the sensors is found to be less than
1.8 °C and the average of these temperatures diverges by less than 1.9 °C from Texp,asp

in all water adsorption experiments performed. Selection of the minimum or maximum
temperature level in steady state, recorded by the three temperature sensors in the sorbent
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Table A.11: Overview of errors arising in BTC operation for H2O adsorption. The order of
magnitude of the single error is solely determined via reference experiments if no source is given.
Lower and upper limits of the single errors are presented.

Error source Variable Lower bound Upper bound Source

Sorbent loading qH2O

Sample mass δerr,Sca,msam /mg − 0.2 + 0.2 [306]

Sorbent mass δerr,φmlos,Sor
/- − 0.0045 + 0.0093

MFC mole flow δerr,ṅMFC
/mol s−1 − 0.04 · ṅMFC + 0.04 · ṅMFC

Residence time δerr,nres /mol − f (Φres,i ) + f (Φres,i )

Relative humidity δerr,φrh,qH2O
/- − f

(
φrh,i

)
+ f

(
φrh,i

)
Pressure level δerr,p,qH2O /105 Pa − f

(
pBi

)
+ f

(
pBi

)
[307, 308]

Rel. humidity φrh,B

Pressure level δerr,p,φrh,B
/105 Pa − f

(
pBi

)
+ f

(
pBi

)
[307, 308]

Relative humidity δerr,φrh,i ,φrh,B
/- − f

(
φrh,i

)
+ f

(
φrh,i

)
Temperature level δerr,TBi

,φrh,B
/K − f

(
TBi

)
+ f

(
TBi

)
[300]

Temperature TB

Temperature level δerr,TBi
,TB

/K − f
(
TBi

)
+ f

(
TBi

)
[300]

bed and an additional consideration of the error in temperature measurement with type
K thermocouples (± 1.5 °C) allows for derivation of a worst case estimate with respect to
the error bars of φrh,B.

A.3.7.3 CO2 adsorption from humid gas phase

Minor variations in the error estimate are required for CO2 adsorption from humid gas
phase compared to the experiments without presence of moisture (Appendix A.3.7.1).
The single sources of errors investigated are summarized in Table A.12. No aging effects
are considered, as the operation temperatures aspired are 30 °C. On the other hand, in
co-adsorption experiments dilution effects of water vapor influence the CO2 mole fraction
calculated at the adsorber outlet. To account for this effect, the inaccuracies of the
humidity indicators δerr,φrh,qCO2

and of the pressure sensors δerr,p,qCO2
are integrated in the

error estimate of the CO2 loading. To be more specific, the influence of these quantities on
the water gas phase mole share calculated and, thus, on the CO2 mole flow is investigated.
For error estimation H2O mole fractions can be calculated either on the basis of the
process data available before or after the adsorber. Here, absolute variations between
H2O mole fraction data throughout the experiments are typically in the order of 0.07 %.
Additionally, inaccuracies of the pressure indicators in the order of ± 5 · 103 Pa307,308 are
taken into account. The selection of the water mole share for the further calculation
is performed with regard to the realization of the highest error bound. Moreover, the
presence of different water mole fractions in the gas phase is also accounted for in the
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evaluation of the residence time experiments to realize worst case estimates with regard
to the overall error bounds.

In addition to the influences investigated in the CO2 adsorption from dry gas phase
(Appendix A.3.7.1), dilution effects of water need to be considered in the determination
of the CO2 partial pressure. A worst case estimate of the H2O mole share based on the
mole fraction data calculated before and after the adsorber is used. In determination of
the H2O mole fraction, the influence of inaccuracies in the pressure levels determined is
taken into account. Great care is taken to prevent physically unsound combinations of
pressure levels with regard to the additional variations in the bed pressure considered.

Also error bars for the additional state variables in the sorbent bed are derived. Esti-
mates for inaccuracies of the mean relative humidity in the sorbent bed are calculated in
analogy to the evaluation of the water adsorption experiments (Appendix A.3.7.2). The
error in the temperature level is investigated in analogy to the CO2 adsorption from dry
gas phase (Appendix A.3.7.1). Variations over time of less than 1.5 °C are noticed for the
temperature sensors in the sorbent bed and the mean bed temperature is found to vary
less than 1.4 °C from the temperature level aspired to be realized in the experiment.

Table A.12: Overview of errors arising in BTC operation for CO2 adsorption from humid gas
phase. The order of magnitude of the single error is solely determined via reference experiments if
no source is given. Lower and upper limits of the single errors are presented.

Error source Variable Lower bound Upper bound Source

Sorbent loading qCO2

Sample mass δerr,Sca,msam /mg − 0.2 + 0.2 [306]

Sorbent mass δerr,φmlos,Sor
/- − 0.0045 + 0.0093

Gas composition δerr,ysam,CO2
/- − 0.02 · ysam,CO2

+ 0.02 · ysam,CO2
[299]

MFC mole flow δerr,ṅMFC
/mol s−1 − 0.04 · ṅMFC + 0.04 · ṅMFC

Residence time δerr,nres /mol − f (Φres,i ) + f (Φres,i )

Relative humidity δerr,φrh,qCO2
/- − f

(
φrh,i

)
+ f

(
φrh,i

)
Pressure level δerr,p,qCO2

/105 Pa − f
(
pBi

)
+ f

(
pBi

)
[307, 308]

Pressure pCO2

Pressure level δerr,p,pCO2
/105 Pa − f

(
pBi

)
+ f

(
pBi

)
[307, 308]

Gas composition δerr,ysam,CO2
/- − 0.02 · ysam,CO2

+ 0.02 · ysam,CO2
[299]

Relative humidity δerr,φrh,pCO2
/- − f

(
φrh,i

)
+ f

(
φrh,i

)
Rel. humidity φrh,B

Pressure level δerr,p,φrh,B
/105 Pa − f

(
pBi

)
+ f

(
pBi

)
[307, 308]

Relative humidity δerr,φrh,i ,φrh,B
/- − f

(
φrh,i

)
+ f

(
φrh,i

)
Temperature level δerr,TBi

,φrh,B
/K − f

(
TBi

)
+ f

(
TBi

)
[300]

Temperature TB

Temperature level δerr,TBi
,TB

/K − f
(
TBi

)
+ f

(
TBi

)
[300]
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A.4 TGA experiments

In this section information on the experimental setting (Appendix A.4.1) is given. The
procedure to determine the mass of unloaded sorbent (Appendix A.4.2) and the sor-
bent loading (Appendix A.4.3) is outlined. Moreover, information on the pressure (Ap-
pendix A.4.4) and temperature levels (Appendix A.4.5) realized in the experiments are
given. Finally, the analysis of kinetic parameters (Appendix A.4.6) and the procedure of
error estimation (Appendix A.4.7) is discussed.

A.4.1 Material and methods

The key equipment and material used to perform TGA experiments is summarized in
Table A.13. The initial sample mass is determined by use of the high precision scale
METTLER TOLEDO MT5 317. Changes in sample mass and in temperature during the
course of the experiment are measured and recorded by the TGA device TG 409 C/3/E
from Netzsch174. Samples are place in a sample carrier of crucible type. Instead of placing
the sample at the bottom of the carrier, three tubes made from wire mesh, with an inner
diameter in the order of magnitude of the Lewatit particle diameter, are used to hold the
sample insight the carrier. This is done to reduce possible gas phase diffusion through the
sorbent bed suggested by preliminary studies with a gas phase that contains CO2 shares
at ppm-level.

Table A.13: Equipment and material used to perform TGA experiments.

Provided by Additional information Source

Equipment

Flow control ABB Float type flow meter with needle valve

Model: 10AG142DA3B1X0

[175]

Sample carrier Netzsch Sample carrier of crucible type (459.478, modified) for
Netzsch TGA (TG 409 C/3/E)

Inner diameter: DCar≈ 6 mm, height: LCar≈ 10 mm

[174]

Scale Mettler-Toledo Model:METTLER TOLEDO MT5 [317]

TGA Netzsch Model: TG 409 C/3/E [174]

Gas

Nitrogen Messer Quality: 5.0 [299]

Test gas
(ppm fraction)

Messer CO2 in syn. air, quality CO2: 4.5, quality sny. air: 5.0

Relative error in CO2 content ± 2 %

[299]

Test gas

(% fraction)

Messer CO2 in N2, quality CO2: 4.5, quality N2: 5.0

Relative error in CO2 content ± 2 %

[299]

Additional material

Lewatit Lanxess Information summarized in Table 3.4

Sample mass ca. 40 mg (air dried)

[162]
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A.4.2 Sorbent mass

Besides adsorption of CO2, Lewatit is able to adsorb water in large quantities. This results
in the difficulty that the sample mass msam could differ from the sorbent mass mSor. Thus,
to allow for a well defined reference state, all sorbent mass-dependent data are referred
to the sorbent in desorbed, empty state, i.e., after desorption of species attached. The
sorbent mass mSor is related to the mass of the loaded sorbent mSor,loa by

mSor =
(
1− φmlos,Sor

)
·mSor,loa. (A.17)

The scaling factor φmlos,Sor
is determined separately in each experiment by

φmlos,Sor
=

∆msam,exp,men (tS2end
)

msam,in

. (A.18)

The variable msam,in is the initial weight of the sample and ∆msam,exp,men gives the sample
mass change from the start of the experiment till the end of the desorption phase. To
account for fluctuations in the measurement, ∆msam,exp,men is determined based on the
mean over the sample mass data taken in the last 240 s of segment S2 (Figure 3.4).
Note that this procedure neglects possible effects arising from lift forces, e.g., associated
with the temperature-dependent gas phase density. In this respect, reference experiments
indicate errors arising from TGA temperature change between ambient and desorption
temperature to be in the order of less than 3 % of φmlos,Sor

. The parameter φmlos,Sor
typically

takes values in the order of 15 %. This implies that errors from temperature changes are
in the order of less than 1 % related to the sorbent mass, which seems acceptable small.

A.4.3 Sorbent loading

The equilibrium CO2 loading of the sorbent is determined based on the sample mass
change recorded in segment S4 (Figure 3.4). It is assumed that the sample mass change
solely results from CO2 adsorption. The change of the gas phase from pure nitrogen
to test gas mixtures is observed to be associated with intense, random fluctuations of
the sample mass measured in the close vicinity of the switching point. Thus, it seems
reasonable to use the sample mass measured at the end of segment S3, i.e., just before
the start of gas phase change, as the reference mass for the start of CO2 adsorption. This
way, the influence of errors attributed to gas switching and to drifts in the sample mass
before the start of the adsorption (Appendix A.4.7) is kept at a minimum. To account
for minor, fast fluctuations in the sample mass, the sample reference mass at the end of
segment S3 is determined by averaging the sample mass data over the last 240 s of this
segment.

If the change in sample mass ∆msam is dominated by the variation in sorbent loading
qCO2 , these two variables can be correlated according

∆msam = msam (t)−msam,ref (tref) = mSor ·MCO2 · (qCO2 (t)− qCO2,ref (tref)) . (A.19)
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Thus, by selecting the reference time tref to be at the end of segment S3 and assuming
that at this time no CO2 is bound to the sorbent, i.e., qCO2,ref (tref) = 0, the CO2 loading
of the sorbent can directly be calculated from the change in sample mass measured.
The evolution of the sorbent loading predicted is carefully investigated to determine the
equilibrium loading that is indicated by a plateau formation in the loading profile. An
automated search based on the maximum loading predicted is used. However, some
measurements required manual adjustment of the equilibrium time found, e.g., reasoned in
TGA drifts noticed. To determine the sorbent equilibrium loading, the loadings predicted
based on the measurements taken in the last 240 s prior to the equilibrium time are
averaged to account for minor fluctuations within the TGA data. The sorbent loadings
determined are summarized in Table A.14.

Table A.14: CO2 loading qeql,CO2,exp in the dimension mol kg−1, obtained from TGA experiments
in dependence of the CO2 partial pressure level pCO2,exp,asp and temperature level Texp,asp aspired.

Texp,asp pCO2,exp,asp

/°C /kPa
1 5 10 15 20

30 1.61 2.14 2.55 2.57 2.41
40 1.49 1.88 2.30 2.43 2.33
60 0.75 1.37 1.61 1.75 1.86
80 0.31 0.77 1.13 1.30 1.31

100 0.05 0.21 0.39 0.48 0.57

A.4.4 Pressure levels

In the TGA device174 from Netzsch used, a small quantity of sample (∼ 40 mg) is exposed
to the gas phase inside a measurement chamber that provides large open cross section
areas for the low gas phase volume flows of ca. 93 Nml min−1 and is connected to the
ambient. Thus, the gas phase within the measurement chamber is assumed to be at
ambient pressure, e.g., pressure losses in the gas pipes of 6 mm diameter in the order of
1 Pa m−1, estimated from basic laminar pressure loss correlations,318 are not considered.
Moreover, to determine the CO2 partial pressure levels, information on the CO2 mole
shares in the gas phase is required. Differences between the CO2 shares of the sample
gas ysam,CO2 named by the vendor and CO2 mole fractions aspired to be realized in the
experiment yG,CO2,exp,asp of 1, 5, 10, 15 and 20 % are in absolute less than 0.01 %. Errors
in the CO2 partial pressure levels set in the experiment are evaluated in Appendix A.4.7.

A.4.5 Temperature levels

Isothermal conditions are favored for the determination of the sorbent loading and of the
kinetic parameters in TGA experiments. The temperature profiles are measured by a
single temperature sensor positioned below the sample. The temperature levels for ad-
sorption isotherm evaluation Texp,ads,endmen are obtained as the mean of the temperature
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profile recorded over the last 240 s before the equilibrium time determined. The temper-
atures used in the evaluation of the kinetics Texp,kin,men are defined as the mean of the
temperature signal over the time frame of kinetic evaluation. A discussion on the errors
arising in the temperature control is given in Appendix A.4.7.

A.4.6 Kinetic parameters

In this section the thermophysical model and the approach to data fitting (Ap-
pendix A.4.6.1) are outlined. Moreover, the results obtained from a 2-parameter kinetic
fit (Appendix A.4.6.2) are summarized.

A.4.6.1 Thermophysical model and kinetic fit

The zero-dimensional model proposed takes into account the evolution of the mean sorbent
loading (3.4) to predict the change of sample mass ∆msam based on CO2 adsorption. As
denoted by (A.19), a change in the sorbent loading can be correlated to a change in the
sample mass and vice versa. Here, the reference point tref might be freely chosen.

For kinetic data fitting a reliable, well interpretable set of data is required. Reasoned
in random fluctuations during the initialization of the gas phase change and in gas phase
residence time induced delays in the increase of the sample mass observed, a reliable
prediction of the state variables in the close vicinity of the initialization of the gas phase
change is hard to realize. Additionally, errors in measurements arising in this phase limit
the range of validity of the kinetic data determined. To overcome these hurdles, the
quality of the data is increased by the reduction of the amount of data points used in the
kinetic fits. This is, the kinetic data fitting is performed for sorbent loadings predicted
above a certain threshold, e.g., relative to the equilibrium loading determined. Selection of
this threshold value has been performed with great care. On the one hand, the exclusion
of data needs to be kept at a minimum to increase the accuracy of the data fit. On
the other hand, the avoidance of possible errors arising from effects attributed to the gas
phase change needs to be taken into account. A threshold value of 20 % of the equilibrium
loading determined is found to be a good compromise.

Following the approach described, the first measurement value with a corresponding
CO2 loading, derived from sorbent mass change (Appendix A.4.3), that exceeds 20 % of
the equilibrium loading, estimated from the data set used, defines the initial conditions of
(3.4). If the equilibrium loading was known, (3.4) could be used to predict the evolution
of sorbent loading and, thus, of the sample mass change based on the kinetic parameters
to be determined. Here, one might intuitively use the isotherm model at hand to predict
the equilibrium loading. Indeed, this is a valid option. However, this way errors arising in
the fit of the adsorption isotherm are included in the kinetic evaluations. Consequently,
to minimize this effect, a different approach is proposed. Here, the single data equilibrium
loading determined from the data set at hand is used to define the equilibrium loading
in (3.4). As only the difference to the equilibrium loading and not its exact value is
required in the evaluation of (3.4), this strategy allows for a reliable determination of the
kinetic parameters, while effects arising from measurement errors with respect to the exact
isotherm data are minimized. The kinetic fit is performed by application of Matlab®178
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routine lsqcurvefit. Here, the least square error between the experimentally recorded and
simulated evolution of the sample mass in time domain is minimized by variation of the
kinetic parameters.

A.4.6.2 Results

In analogy to the evaluation of the BTC curves, a simultaneous variation of kdf,ads,CO2 and
nord is investigated. As exemplarily shown in Figure 3.7(b), a good accordance between
the predicted and measured evolution of the sample mass is reached by this 2-parameter
fit. This motivates a more detailed investigation of the kinetic parameters, the values
of which are summarized in Tables A.15 and A.16. The Arrhenius-type visualization of
kdf,ads,CO2 (Figure A.6(a)) shows a strong decrease of this parameter with temperature.
The tendency of an increase in the exponent of the driving force nord with CO2 partial
pressure is noticed (Figure A.6(b)), whereas no distinct influence of operation temperature
on nord is detected. The mean values of nord over the temperature levels investigated
increase in dependence of pCO2,exp,asp from 1.0 to 2.4. This might suggest an increasing
influence of the chemical reaction on the overall kinetics, as, e.g., pseudo-second order
kinetic approaches are commonly interpreted to be in line with chemisorption being the
rate limiting step182.
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Figure A.6: Visualization of results obtained from 2-parameter fit. (a) Dependency of kdf,ads,CO2

on the mean temperature measured during kinetic evaluation Texp,kin,men visualized by Arrhenius
plot for CO2 partial pressures pCO2,exp of ca. 1 (∗), 5 (◦), 10 (�), 15 (�) and 20 kPa (+). (b)
Influence of CO2 partial pressure pCO2,exp on the exponent nord of the driving force term shown
for temperature levels Texp,asp of 30 (∗), 40 (◦), 60 (�), 80 (�) and 100 °C (+).

The tendencies observed with regard to nord motivate a 1-parameter optimization of
kdf,ads,CO2 based on the mean values of nord summarized in Table A.16. Results of this
investigation are outlined in Table A.17 and visualized in Figure A.7. Again, a good
agreement between the simulated and experimental data is found. The linear trends
for the data at constant pCO2,exp,asp levels, observable in the Arrhenius plot visualization
(Figure A.7), motivate the analysis of Arrhenius parameters. Coefficients of determination
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Table A.15: Kinetic constant kdf,ads,CO2 in the dimension 10−3 s−1 mol1− nord kgnord − 1 as a func-
tion of the CO2 partial pressure level pCO2,exp,asp and of the temperature level Texp,asp. Data are
derived by means of a 2-parameter fit.

Texp,asp pCO2,exp,asp

/°C /kPa
1 5 10 15 20

30 0.83 2.27 3.99 4.09 6.19
40 0.96 3.26 4.92 5.58 5.86
60 1.84 5.69 10.10 10.03 9.75
80 4.36 13.78 13.50 17.49 22.62

100 5.81 38.24 33.93 53.02 49.45

Table A.16: Exponent of the driving force term nord as a function of the CO2 partial pressure level
pCO2,exp,asp and of the temperature level Texp,asp. Data are derived by means of a 2-parameter fit.

Texp,asp pCO2,exp,asp

/°C /kPa
1 5 10 15 20

30 0.84 2.12 1.96 2.31 2.48
40 1.21 1.60 1.98 2.00 2.42
60 1.00 1.93 1.86 1.83 2.12
80 1.18 1.80 1.85 2.43 2.77

100 0.77 1.46 1.55 2.07 2.17

Mean 1.00 1.78 1.84 2.12 2.39

in the order of 0.9 (Table A.18) indicate a good applicability of Arrhenius equation for
describing the temperature dependency of kdf,ads,CO2 . The activation energies are found
to be in the order of 33 kJ mol−1 (Table A.18). Only for the experiments performed at
pCO2,exp,asp = 5 kPa a higher value of 46 kJ mol−1 is found that might be attributed to the
high level of kdf,ads,CO2 determined in the 100 °C experiment.

The activation energies found are in good accordance with activation energies for CO2-
amine reactions published in the literature. In dependence of the isotherm parameter
set selected and of the kinetic mechanism used, Bos et al.164 report activation energies
for CO2 adsorption on Lewatit in the absence of mass transfer limitations that range
15 – 38 kJ mol−1. Moreover, the EA data summarized in Table A.18 compare well with
activation energies in the order of 38 kJ mol−1 for CO2 adsorption on quaternary ammo-
nium moieties in solid resins184 and with the levels of EA of 38 kJ mol−1 for aqueous CO2

adsorption183.

In summary, the kinetic evaluation of TGA experiments performed allows for a first
insight into the adsorption kinetics at CO2 partial pressures at kPa level. A comparison
with results published in the literature and with theoretical expectations suggests that
a basic physical interpretation of the results obtained with respect to the underlying
mechanism is possible. This motivates more detailed research, e.g., evaluation of a broader

154



A.4 TGA experiments

2.5 3 3.5

-8

-7

-6

-5

-4

-3

-2

T
−1
exp,kin,men

/10−3 K−1

ln
(

k
d
f,
a
d
s
,
C
O

2

)

−
ln

(

d
im

(

k
d
f,
a
d
s
,
C
O

2

)
)

(a) Arrhenius plot

0 5 10 15 20

0.5

1

1.5

2

2.5

3

pCO2,exp /kPa

.
n
o
r
d
/
-

.

(b) Order nord

Figure A.7: Visualization of results obtained from 1-parameter fit. (a) Dependency of kdf,ads,CO2

on the mean temperature measured during kinetic evaluation Texp,kin,men visualized by Arrhenius
plot for CO2 partial pressures pCO2,exp of ca. 1 (∗), 5 (◦), 10 (�), 15 (�) and 20 kPa (+). (b)
Influence of CO2 partial pressure pCO2,exp on the mean exponent nord of the driving force term
(Table A.16).

variety of kinetic models proposed in the literature164,181,182 and in depth analysis of rate
influencing steps, to be performed in subsequent studies.

Table A.17: Kinetic constant kdf,ads,CO2
in the dimension 10−3 s−1 mol1− nord kgnord − 1 as a func-

tion of the CO2 partial pressure level pCO2,exp,asp and temperature level Texp,asp aspired. Data are
derived by means of 1-parameter fit with constant mean values of nord (Table A.16) being used.

Texp,asp pCO2,exp,asp

/°C /kPa
1 5 10 15 20

30 0.90 1.99 3.85 3.87 5.91
40 0.86 3.60 4.65 5.89 5.76
60 1.86 4.97 9.94 12.59 12.25
80 2.93 13.43 13.33 12.48 14.33

100 14.71 91.02 59.47 59.53 76.25

A.4.7 Error estimation

In analogy to the BTC error estimate (Appendix A.3.7), the influence of inaccuracies
in the measurements are evaluated by an error propagation analysis. Table A.19 gives
an overview of the single sources of errors, worst case combinations of which are used
to derive the overall error bounds. The estimates for single errors resulting within TGA
operation are derived from empty crucible experiment.

The influence of measurement noises, i.e., of fast fluctuations, is minimized by taking
averaged quantities into account. Additionally, δerr,noi,msam is considered in the estimate of
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Table A.18: Arrhenius parameters and associated coefficient of determination R2 of the linear
fit. Parameter estimates are based on kdf,ads,CO2

data obtained from 1-parameter optimization
(Table A.17). Pre-exponential factors kdf,ads,∞,CO2

, activation energies EA and coefficients of
determination R2 are evaluated in dependence of the CO2 partial pressure level pCO2,exp,asp.

pCO2,exp,asp

/kPa
1 5 10 15 20

R2 /- 0.91 0.90 0.92 0.90 0.86
ln (kdf,ads,∞,CO2) in ln

(
s−1 mol1− nord kgnord − 1

)
7.0 11.7 7.4 7.0 6.9

EA /kJ mol−1 36.3 45.6 33.2 31.6 31.0

the error bounds, which gives a worst case approximation. Also the weight of the initial
sample mass measured includes uncertainties that result from the precision δerr,sta,msam of
the laboratory scale (METTLER TOLEDO MT5 317) used.

Besides the influences named, inaccuracies attributed to heating effects during the
temperature increase to desorption level δerr,S1,msam and to drifts δerr,drii ,msam are noticed
in empty crucible experiments. Errors arsing from drifts take into account the time scale
of the corresponding segment ∆ti , e.g., δerr,driS3end,S4eql

,msam considers the time required to

reach the adsorption equilibrium starting from the end of the equibrilation step (S3).
Moreover, fluctuations of the measured sample mass that are observed during the gas
phase change in empty crucible experiments δerr,GS4,msam are taken into account.

Also error bounds for the CO2 partial pressures pCO2 , at which the experiments are
conducted, are derived. Uncertainties in the sample gas composition δerr,ysam,CO2

given by
the vendor299 need to be taken into account. Moreover, the experiments are conducted
at ambient pressure. For the error estimate a change in atmospheric pressure of ± 5 % is
assumed. This can be regarded as a pessimistic scenario, considering that atmospheric
pressure in Central Europe typically fluctuates between 0.99 · 105 and 1.05 · 105 Pa.319

The accuracy of the operation temperature becomes of interest for the evaluation of the
adsorption isotherms (Texp,ads,endmen) as well as for the kinetic analysis (Texp,kin,men). Tem-
perature fluctuations during the adsorption phase of typically less than 2 °C are recorded.
Moreover, the TGA temperature control ensures differences between the temperature level
aspired Texp,asp and temperature levels reached to take values of less than 3 K, with sig-
nificantly lower differences being obtained for the majority of experiments. Additionally,
one may take into account the accuracy of the S-type thermocouple used. Here, the cali-
bration documents indicate that the error in the temperature measurement of the device
used is in the order of − 0.4 K.320

A.5 Isotherm data fitting

The isotherm parameters are fitted to the experimental data using Matlab®178 Curve
Fitting Toolbox. Trust-Region Algorithm is selected to minimize the mean squared differ-
ences between the loading predicted and experimentally determined in dependence of the
isotherm parameters. Convergence from different starting points to the same optimized
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Table A.19: Overview of errors arising in TGA operation. The duration of the measurement
intervals ∆ti is defined in the unit hours. If no source is given, the order of magnitude of the error
source is solely determined via reference experiments. The mean atmospheric pressure pAmbexp

for
the evaluation of the experiment is assumed to be 1.013 25 · 105 Pa.

Error source Variable Lower bound Upper bound Source

Sample mass msam

Measurement noise δerr,noi,msam /mg − 0.01 + 0.01

Sample mass (start) δerr,sta,msam /mg − 0.01 + 0.01 [317]

Heating effects (S1) δerr,S1,msam /mg − 0.2 ± 0

Drift (S1, S2) δerr,driS1,S2,msam /mg − 0 03 ·∆tS1 ,S2 + 0.03 ·∆tS1 ,S2

Gas phase change δerr,GS4,msam /mg − 0.05 ± 0

Drift (S3, S4) δerr,driS3end,S4eql
,msam /mg − 0.03 ·∆tS3end,S4eql

+ 0.03 ·∆tS3end,S4eql

Pressure pCO2

Pressure level δerr,p /105 Pa −0.05 · pAmbexp +0.05 · pAmbexp [319]

Gas composition δerr,ysam,CO2
/- − 0.02 · ysam,CO2

+ 0.02 · ysam,CO2
[299]

Temperature Texp,i

Temperature level δerr,Texp,Texp,i
/K −f (Texp (t)) +f (Texp (t)) [320]

parameter set indicates a minor influence of local optima on the parameter fit. Moreover,
to account for the aspect that the experimentally determined CO2 loading can span sev-
eral orders of magnitude, the contributions of the measurement points are adjusted by
weights

fwei,qeql,CO2
=

1

qeql,CO2,exp

, (A.20)

which are formulated as a function of the experimental loading qeql,CO2,exp measured. In
accordance with the isotherm data published by other research groups137,157,166,167, χTot is
set to zero and not varied in the optimization routine. Figure A.8 visualizes the results
of the data fit to either the BTC data or the TGA data obtained in this work, as well
as the results obtained from a simultaneous fit of the BTC data from this work and the
TGA data provided by Sutanto et al.167 for CO2 partial pressures at kPa-level.

In the data fitting of the water adsorption measurements, data at 43 % and 73 % relative
humidity (Table A.5) have been excluded from the data fit, as these significantly diverge
from the trend shown by the other data points in the set. Moreover, as no distinct influence
of operation temperature except from its influence on relative humidity is noticed in the
experimentally obtained data and in the measurements published by Veneman et al.137,
no temperature influence on the BET , n-BET or GAB isotherm parameters is taken into
account in this contribution.

To increase the accuracy of the data fit, the extension of the isotherm model by the
influence of humidity is performed based on isotherm model 4 (Table 3.1). The determi-
nation of the parameters used in the evaluation of φqeql,CO2

,wet,dry (Table 3.3) is performed
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similar to the isotherm data fitting by application of Matlab®178 Curve Fitting Toolbox.
No weights are used in the fit as the experimentally obtained CO2 loadings are found to
be in the same order of magnitude.

A.6 Additional properties of the sorbent

In Section A.6.1 the determination of the characteristic densities and void fractions is
outlined. Moreover, the experiments to investigate the flowability of the sorbent are
summarized in Section A.6.2.

A.6.1 Density and void fraction

The determination of the characteristic densities ρi is based on a sorbent sample from
which a fraction is analyzed via TGA experiments to determine the mass fraction of the
species adsorbed on the sample. Thus, densities and masses given are related to the pure
sorbent. 11 measurements are performed.

The bulk density

ρB =
mB,Sor

VB

(A.21)

is calculated based on measurements of the bulk mass mB,Sor for samples with a volume
VB of typical 30 ml. To obtain information on the particle density ρP and on the bed void
fraction ψB, the gas volume present in the sorbent bed is exchanged by water128, the added
mass of which is recorded. It is assumed that due to the hydrophilic nature of Lewatit
water is able to enter its pores. The pore volume is estimated based on the mass-specific
pore volume vPor given by the vendor162 (Table 3.4), which is in good accordance with
vPor data provided by other authors163,165. Based on this information, the particle density
is calculated by

ρP =
mB,Sor

VB − VH2O +mB,Sor · vPor

. (A.22)

Moreover, the porosity of the sorbent particle is estimated via

εP = 1− VB − VH2O

VB − VH2O +mB,Sor · vPor

(A.23)

and the bed void fraction is given by

ψB = 1− ρB

ρP

. (A.24)

Note that this definition of ψB does not include the void space in the particles, i.e., the
pore volume.
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Figure A.8: CO2 equilibrium loading qeql,CO2
on Lewatit for temperatures of 30 °C (∗), 40 °C (◦),

60 °C (�), 80 °C (�) and 100 °C (+) determined for CO2 partial pressures pCO2 that correspond to
CO2 mole fractions at ppm- and %-level at a total pressure of 1 · 105 Pa. Predictions by a Toth
isotherm model fitted to: (a) – (b) BTC data (this work, isotherm model 4), (c) – (d) TGA data
(this work, isotherm model 5) and (e) – (g) simultaneous fit to BTC data (this work) and to TGA
data (Sutanto et al.167) (isotherm model 7) are investigated. The simulated loadings are visualized
by solid lines (-). Data from literature sources at %-level are shown in shades of gray: Sonnleit-
ner et al.166 (•), Sutanto et al.167 (•). The isotherm data given for 95 °C by Sonnleitner et al.166 are
visualized by gray triangles (H). Moreover, isotherm data at a CO2 partial pressure of 40 Pa and
at temperatures of 25 °C (N) and 35 °C (H) published by Veneman et al.137 are depicted in (a) and
(e). Error bars for experimental data are derived from error propagation studies summarized in
Appendix A.3.7.1 and A.4.7. A comparison between the experimentally determined and predicted
CO2 loadings, qeql,CO2,exp and qeql,CO2,sim, respectively, is given in Figures (b), (d) and (g).
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(a) Parity plot for BET model
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(b) Parity plot for GAB model

Figure A.9: Parity plot visualization of data prediction with (a) BET and (b) GAB isotherm model
for H2O adsorption on Lewatit . Experimental data are summarized in Table A.5.

A.6.2 Flowability of the sorbent

The sorbent samples used are exposed to a defined gas atmosphere of 20 °C and 80 %
relative humidity for two days to ensure defined conditions for flowability tests. Three
measurements are taken for each parameter to be evaluated.

The Carr index

CI =
ρB,tap − ρB
ρB,tap

(A.25)

is defined via the sorbent bulk density in poured ρB and tapped ρB,tap state. The densities
are measured in a cylindrical measuring vessel of 100 ml readable to 1 ml, filled with a
sample mass typically in the order of 35 g. To obtain the tapped density, Tapped Density
Tester TD1 321 of Sotax GmbH is used.

The determination of the angle of repose αrep is performed based on measurements of
sorbent bed height HB. The sorbent bed is generated by pouring the particles from a
hopper onto an underlying circular surface with a defined diameter DB of 98 mm. Based
on these data, the angle of repose is calculated via the basic geometric correlation

αrep = arctan

(
2 · HB

DB

)
. (A.26)
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B Appendix: Approaches to intensified
heat integrated DAC units

Parts of this appendix have been published in peer-reviewed journal articles and in the
corresponding supplementary information.215,230

B.1 Energy demand and economics of DAC

Table B.1 provides an overview of the current state of research with regard to DAC costs
and energy demands.

B.2 Feasibility study

In this section the fundamentals of the feasibility study performed are outlined, which
include: an investigation of sorbent movement and gas sealing (Appendix B.2.1), an anal-
ysis of heat and mass transfer (Appendix B.2.2) and a discussion of large-scale realization
(Appendix B.2.3).

B.2.1 Sorbent movement and gas sealing

The power requirement for sorbent movement is estimated via DIN 22101 218 and
VDI 2324 219. The sorbent properties summarized in Table 3.4 are used. Calculations
are performed for a reference CO2 product flow of 1 mol s−1, achieved at a CO2 working
capacity of 0.25 mol kg−1. H2O working capacities of 12 mol kg−1 are used as a worst case
approximation. The estimate of the energy requirement per sealing device is calculated
for the reference parameter set: sorbet bed width HB,z = 0.5 cm, contact width of the seal-
ing HPrs = 5 cm and contact pressure pprs = 0.1 · 105 Pa. The friction coefficient between
the belt and the gas barrier is pessimistically estimated to be 0.7.218,328

B.2.2 Heat and mass transfer

The analysis of the width of the sorbent bed and of the support structure (Ap-
pendix B.2.2.1) as well as of the thermal integration and of the transfer media used
(Appendix B.2.2.2) form the basis for the investigations of heat and mass transfer char-
acteristics.
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Figure B.1: (a) Maximum tension in the wire cross section normal to solid movement σWir,max

induced by gravitational forces that results from the mass of the sorbent mSor and of the mesh
mMes. Dependency on the length of the moving belt LB,x for bed width HB,z ranging 1.0, 2.5, 5.0,
7.5, 10.0, 25.0 and 50.0 mm is investigated. (b) Contribution φmMes,mMes,Sor

of the supporting mesh
mass to the overall mass of the moving belt, which comprises the mass of the sorbent particles
and of the mesh, in dependence of bed width HB,z. Mesh specifications of HMes = 0.25 mm and
DWir = 0.16 mm according DIN ISO 4783-2 226 are used in the calculations.

B.2.2.1 Width of sorbent bed and support structures

With view on efficient mass transfer, large open surface areas aope,Mes of the support
structure are aspired. The mesh size HMes is limited by the minimum sorbent particle
diameter DLew,min = 0.30 mm.162 Use of a low wire diameter DWir is favored to reduce the
material demand and the weight of the structure. Based on DIN ISO 4783-2 226 mesh
specifications in line with these requirements are selected which read: HMes = 0.25 mm
and DWir = 0.16 mm. These allow for aope,Mes = 37 %.

Based on these data the maximum tension expected in the wire cross section normal
to the solid movement is investigated. Gravitational forces that results from sorbent and
wire mass are taken into account. Wires are assumed to be made up of stainless steal
with a density of 7900 kg m−3.226 A vertical installation of the belt is analyzed.

Results of the investigation are summarized in Figure B.1(a). Maximum tensions in
the order of magnitude of 36 MPa from gravitational forces are noticed. If the additional
tension from 5 sealing positions is considered (∼ 36 MPa), even in the limiting case of
high belt length and of high bed width only tensions lower than the maximum allowable
stresses for carbon (∼ 89 MPa) or stainless steal (V2A, 119 MPa) at 100 °C are obtained.217

Thus, in the framework of the preliminary feasibility study aspired, the results obtained
suggest basic mechanic stability of the belt. In MBdA the pressure at the bottom of the
structure that results from the sorbent mass equals in the worst case twice the sorbent
induced pressure in the MBtA concept of same bed length. Thus, the results depicted in
Figure B.1(a) also suggest stability, e.g., for use of tube like support structures in MBdA.
Compared to parallel wall support structures, these allow for higher surface to volume
ratios and for operational independence with regard to the wind direction. However,
simpler design and operation favors parallel wall type structures.
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Table B.2: Thermal conductivities of solid transfer media and of the gas phases used for evaluation
of thermal resistances. Thermal conductivities calculated at 25 °C are used in the evaluation.

Specie Cu V2A EG PTFE Air H2

Th. cond. λ /W K−1 m−1 401 15 5 217 260 · 10−3 26 · 10−3 172 · 10−3

Source [329] [116] [229] [116] Appendix B.3.1

B.2.2.2 Thermal integration and transfer media

MBdA energy demands attributed to overcome friction and static pressure losses in the
transfer medium phase of the MBdA are estimated based on worst case assumptions. Flow
of the medium in channels of 1 mm width on either side of a solid sorbent bed spanning
HB,z = 50 mm is assumed. The transfer medium properties are evaluated based on the
properties of the thermal oil Dowtherm J 116 (Table B.7). The operation point of the DAC
unit reads: productivity ṅPro,CO2 = 1 mol s−1, working capacity ∆qwor,CO2 = 0.25 mol kg−1

and sorbent velocity uB = 1 mm s−1. Pressure losses are estimated based on correlations
for laminar flow in a duct with infinite depth.116 In the calculation of the laminar drag
coefficient a correction factor of 1.5 is taken into account.116

MBtA heat losses in the adsorption zone relative to the heat transferred in this zone are
estimated based on parallel and series connections of thermal resistances.116 A tempera-
ture difference between the adsorption and desorption zone ∆Tads,des of 75 °C is assumed.
The thermal resistance of a gas duct HMes,T of 1 mm between the belt and transfer medium
is accounted for in the calculations. For reasons of clarity, air is used as a reference gas
phase in the heating zone, whereas the properties of pure hydrogen are used to describe
the gas phase in the cooling zone. The thermal conductivities used in the calculations are
summarized in Table B.2.

B.2.3 Large scale realization

Both concepts proposed can benefit from numbering up, as energy losses and specific
efforts for gas supply can be reduced. In MBtA motors can be used to drive multiple
belts, the material demand for realization of gas ducts can be decreased and an alternating
parallelization of the heating and cooling zone might allow for potential to increase the
efficiency of heat exchange. The MBdA design offers more degrees of freedom relevant
for large-scale applications, e.g., external heating of the transfer medium, independent
length of the heating and cooling zone or possible design of different zones as spatially
independent units. Besides others, the use of bucket elevators, of transfer medium pumps
or of vacuum pumps by multiple beds might be named as an advantage. Moreover, the
gas sealing, e.g., by rotary valves, can be combined for parallel beds.
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B.3 MBtA

B.3 MBtA

This section provides a brief overview of the thermophysical properties (Appendix B.3.1),
modeling approach (Appendix B.3.2) and numeric implementation (Appendix B.3.3) used
to determine the state variable profiles of the MBtA concept. Moreover, basic operation
and design parameters used in the evaluation of the concept are summarized in Ap-
pendix B.3.4.

B.3.1 MBtA: thermophysical and adsorption properties

Various thermophysical parameters and correlations are used within the model proposed.
Correlations used to evaluate the properties of the gas phase (Appendix B.3.1.1) and of the
solid particles (Appendix B.3.1.2) are presented. Moreover, the adsorption equilibrium,
kinetics and thermodynamics are discussed in Appendix B.3.1.3.

B.3.1.1 Thermophysical properties: gas phase

Table B.3 summarizes information with regard to the gas phase thermophysical properties.
In the model the pseudo-species Air is used that on a molar basis is composed of 79 %
nitrogen and 21 % oxygen.330 Besides information on the single species, Table B.3 also
defines how the thermophysical quantities of the mixed gas phase ΦG are estimated.
Based on the single component properties ΦiSpe

, a simple mole fraction-based mixing rule

ΦG =
∑
iSpe

yiSpe
· ΦiSpe

(B.1)

as well as more complex correlations are used. The effective Fickian diffusion coefficient

Ddif,jSpe,mol =
1− yjSpe∑

iSpe 6=jSpe

yiSpe

Ddif,iSpe,jSpe,mol

(B.2)

of a specie jSpe in the multi-component mixture is estimate based on the binary diffusion
coefficients Ddif,iSpe,jSpe,mol.

331

B.3.1.2 Thermophysical properties: sorbent particle

The thermophysical properties of Lewatit define the properties of the solid particles. These
are discussed in Section 3.3 and summarized in Table 3.4. Here, the thermal conductivity
of Lewatit particles is assumed to take a value of 0.16 W K−1 m−1, which equals that of
polystyrene.116

B.3.1.3 Adsorption equilibrium, kinetics and thermodynamics

Based on the kinetic evaluation performed in Section 3.2.2.3, as a first estimate, a linear
driving force approach, i.e., (3.4) with nord = 1, based on the sorbent loading qiSpe

is used
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to describe the kinetics of the adsorption and desorption process. Neither adsorption of H2

nor of Air is considered. For CO2 adsorption, the equilibrium loading qeql,CO2 is calculated
based on Toth isotherm model (3.2), with the parameter set 7 summarized in Table 3.1
being used. Moreover, the driving force coefficient kdf,ads,CO2 is assumed to take a constant
value of 5 · 10−4 s−1, which can be interpreted as a worst case assumption with respect
to the results presented in Section 3.2.2.3 and published in the literature157. The heat of
CO2 adsorption ∆hads,CO2 is assumed to take a constant value of −84 kJ mol−1, which is
estimated based on the analysis of the isosteric heat of adsorption in a temperature range
of 25 – 100 °C for CO2 loadings that span 0 – 1 mol kg−1 (Figure 3.6(b)).

B.3.2 MBtA: model

Figure 4.8 presents the structure of the modeling approach that is selected to describe
the evolution of the MBtA state variables. Two submodels are used to represent the
different phases. These are linked via boundary conditions of mass and energy transfer.
A one-dimensional, time-dependent model is applied to investigate the thermophysical
behavior of the strip gas phase (Appendix B.3.2.1), whereas a two-dimensional model for
the belt phase allows for detailed investigations of transfer phenomena orthogonal to the
belt movement (Appendix B.3.2.2).

B.3.2.1 Governing equations: gas phase

The state of the strip gas phase is defined by its temperature TG, velocity uG and by
the concentration of the gas phase species cG,iSpe

. The species iSpe: CO2, H2 and pseudo-
component Air are considered. Assuming ideal gas behavior and plug flow, the law of
mass conservation reads

∂cG,iSpe

∂t
= −

∂
(
uG · cG,iSpe

)
∂x

− 1

HG,z
· kdf,BG,iSpe

·
(
cG,iSpe

− cB,iSpe

∣∣
z=0

)
. (B.3)

Here, cB,iSpe

∣∣
z=0

describes the concentration of species iSpe at the sorbent bed surface and
HG,z defines the height of the duct in which the gas is flowing. To describe the mass
transfer between the sorbent bed and gas phase, a linear driving force approach is used.
The mass transfer coefficient kdf,BG,iSpe

is calculated by use of a correlation for Sherwood
number ShG provided by Mercer116 that is based on Reynolds and Schmidt number, ReG

and ScG, respectively, of the gas phase. Moreover,

cG,iSpe

∣∣
x=xCoo

= cG,iSpe,in (B.4)

is used as a boundary condition, which defines the gas phase concentration at its inlet.

In analogy to (B.3), the governing equation of energy conservation reads

∂TG

∂t
= −uG ·

∂TG

∂x
− 1

HG,z ·
∑

iSpe

(
cG,iSpe

· cp,G,iSpe

) · hdf,BG · (TG − TB|z=0) . (B.5)
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The heat transfer coefficient hdf,BG between gas and bed is calculated in analogy to the
mass transfer coefficient. Here, ShG and ScG are substituted by Nusselt number NuG and
Prandtl number PrG, respectively.116 Again, the definition of the state variable at the gas
phase inlet

TG|x=xCoo
= TG,in (B.6)

gives the spatial boundary condition required. Moreover, variation of the gas phase ve-
locity uG along the spatial coordinate x is considered. In this respect, the assumption of
ideal gas behavior allows for formulation of an additional constraint with regard to the
overall gas phase concentration∑

iSpe

cG,iSpe
= cG =

p

Rid · TG

. (B.7)

Substitution of the sum over all gas phase concentrations on the left hand side of (B.7)
by (B.3) leads to

0 =
p

Rid · T 2
G

· ∂TG

∂t
− p

Rid

· ∂
∂x

(
uG

TG

)
− 1

HG,z
·
∑
iSpe

(
kdf,BG,iSpe

·
(
cG,iSpe

− cB,iSpe

∣∣
z=0

))
(B.8)

that implicitly defines uG in dependency of the other gas phase state variables. Note
that no pressure change in the gas phase is considered, i.e., operation pressure p stays
constant. In analogy to the other state variables of this phase, the definition of the state
variable at the gas phase inlet is used as the spatial boundary condition required

uG|x=xCoo
= uG,in . (B.9)

B.3.2.2 Governing equations: belt phase

A two-dimensional modeling approach is used for the belt phase that is composed of the
moving sorbent particles and of the gas in the void space between those. Convective mass
and heat transfer by belt movement with constant velocity uBelt is taken into account in x
direction, whereas mass and heat transport orthogonal to the belt movement is assumed
to be dominated by diffusion and by conductive heat transfer, respectively, which gives
a worst case assumption. Cyclic state and continuity between the zones, through which
the belt is moving, are enforced via the boundary conditions in x-domain, i.e., via the
continuity of flows at the interfaces between the zones. The boundary conditions in z-
coordinate are summarized in Tables B.4 and B.5.

The law of mass conservation in the bed void space

∂cB,iSpe

∂t
=− uBelt ·

∂cB,iSpe

∂x
+

∂

∂z

(
Ddif,iSpe,mol ·

∂cB,iSpe

∂z

)
− 1− ψB

ψB

· ρP · kdf,ads,iSpe
·
(
qeql,iSpe

− qiSpe

) (B.10)
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Table B.4: Spatial boundary conditions (z-domain) of temperature profile TB in the sorbent bed.

Zone Spatial coordinate Boundary conditions
x z

Adsorption ]0, xAds[
0 TB = TAmb

zHB,z
TB = TAmb

Heating ]xAds, xHea[
0 ∂TB

∂z = 0

zHB,z
−λB · ∂TB

∂z = hdf,BB · (TB (x, z)− TB (xCoo − (x− xAds)), z))

Ext. heating ]xHea, xHex[
0 ∂TB

∂z = 0

zHB,z
λB · ∂TB

∂z = q̇ext,Hex

Desorption ]xHex, xDes[
0 λB · ∂TB

∂z = hdf,BG · (TB − TG)

zHB,z
λB · ∂TB

∂z = q̇ext,Des

Cooling ]xDes, xCoo[
0 λB · ∂TB

∂z = hdf,BG · (TB − TG)

zHB,z
−λB · ∂TB

∂z = hdf,BB · (TB (x, z)− TB (xAds + (xCoo − x) , z))

is formulated in terms of the component concentrations cG,iSpe
. Ddif,iSpe,mol is the molecular

diffusion coefficient and ψB denotes the void fraction of the bed that is composed of sorbent
particles of density ρP.

In analogy to (B.10) the law of energy conservation reads

∂TB

∂t
=− uBelt ·

∂TB

∂x
+

1

(1− ψB) · ρP · cp,P
· ∂
∂z

(
λB ·

∂TB

∂z

)
+

1

cp,P
·
∑
iSpe

(
−∆hads,iSpe

· kdf,ads,iSpe
·
(
qeql,iSpe

− qiSpe

))
,

(B.11)

which includes the assumptions of a negligible contribution of the void gas phase heat
capacity, compared to that of the solid phase, and of thermal equilibrium between the
void gas phase and the sorbent particles. Note that

λB = ψB · λB,G + (1− ψB) · λP (B.12)

defines the effective thermal conductivity of the sorbent bed.

Focusing on the boundary conditions of the sorbent bed temperature profile (Ta-
ble B.4), one notices that linear driving force approaches are also used to describe the
heat exchange between the sorbent beds as well as the external heat transfer to the bed.
The coefficient

hdf,BB =

(
HBT,Hea

λBT,Hea

+
HT

λT

+
HBT,Coo

λBT,Coo

)−1

, (B.13)

is introduced to model the thermal coupling between the heating and cooling zone. It
combines heat transfer resistances arising from the transfer medium itself and from the
gas ducts between the bed and the transfer medium in the heating and cooling zone.
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Table B.5: Spatial boundary conditions (z-domain) of concentration profile ciSpe in the sorbent
bed.

Zone Spatial coordinate Boundary conditions
x z

Adsorption ]0, xAds[
0 cB,iSpe

= cAmb,iSpe

zHB,z
cB,iSpe

= cAmb,iSpe

Heating ]xAds, xHea[
0

∂cB,iSpe

∂z = 0

zHB,z

∂cB,iSpe

∂z = 0

Ext. heating ]xHea, xHex[
0

∂cB,iSpe

∂z = 0

zHB,z

∂cB,iSpe

∂z = 0

Desorption ]xHex, xDes[
0 ψB ·Ddif,iSpe,mol ·

∂cB,iSpe

∂z = kdf,BG,iSpe
·
(
cB,iSpe

− cG,iSpe

)
zHB,z

∂cB,iSpe

∂z = 0

Cooling ]xDes, xCoo[
0 ψB ·Ddif,iSpe,mol ·

∂cB,iSpe

∂z = kdf,BG,iSpe
·
(
cB,iSpe

− cG,iSpe

)
zHB,z

∂cB,iSpe

∂z = 0

Heat transfer characteristics of the solid medium are assumed to be uniaxial, i.e., the
heat transfer is solely modeled in z coordinate. A transfer medium height HT of 2 mm
is used in the calculations and its thermal conductivity is assumed to be in the order of
15 W K−1 m−1, which equals the thermal conductivity of V2A steel (Table B.2).

Additional need of heat transfer coefficients can arise in the definition of the external
heat supply in the external heating and desorption zone (Table B.4). Use of defined heat
flows q̇ext,Hex and q̇ext,Des, respectively, is investigated, as well as, a prescription of the
adsorber wall temperature profiles. In the latter case, heat flows are defined by

q̇ext,i = hdf,BW,i · (TW,i − TB) . (B.14)

Here,

hdf,BW,i =
λBW,G

HBW,i

(B.15)

gives a worst case approximation of the heat transfer coefficient between the adsorber
wall and the sorbent bed based on the assumption of a pure thermal conductivity-driven
transport process. The heights of the gas ducts HBT,Hea, HBT,Coo and HBW,i are estimated
to be 1 mm. Note that these gas phases are not explicitly represented by differential
equations as only minor contributions on the bed or strip gas phase state variable profiles
are to be expected in steady state. Moreover, the influence of the support structure, e.g.,
of the mesh, is not considered in the model.
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Table B.6: Reference parameter set used in the evaluation of MBtA.

Lx,DACAds
Lx,DACHea

Lx,DACHex
Lx,DACDes

Lx,DACCoo
HB,z uBelt

/m /m /m /m /m /10−3 m /10−3 m s−1

12 3 1 5 3 5 1

uG,in TG,in popr HG,z TW φVz,T,Belt yAmb,CO2

/10−3 m s−1 /°C /105 Pa /10−3 m /°C /- /10−6

-25 25 1 2 100 0 400

An additional equation for the sorbent loading qiSpe
is required, which reads

∂qiSpe

∂t
= −uBelt ·

∂qiSpe

∂x
+ kdf,ads,iSpe

·
(
qeql,iSpe

− qiSpe

)
. (B.16)

In accordance with (B.10) and (B.11) a linear driving force approach is used to describe
the adsorption process of the component CO2.

B.3.3 MBtA: numeric

The modeling approach presented results in a coupled PDAE system. The spatial coordi-
nate is discretized by means of a finite volume scheme (FVS ).340 Here, a first-order upwind
scheme (UWS ) is used to describe the convective flows in the solid and strip gas phase,
i.e., in direction of belt movement or strip gas flow, respectively.312,340 Moreover, the cyclic
behavior in the spatial domain is enforced by the boundary conditions used in direction of
the belt movement along x-coordinate (Appendix B.3.2). Steady state operation profiles
are obtained via integration in time domain using Matlab® ode15s function.178 A conver-
gence analysis under consideration of numerical tolerances reveals relative changes of the
state variables to be in the order of magnitude of 10−7 % s−1 or lower for the steady state
profiles obtained.

To speed up the calculations and to limit the amount of computational resources used,
the sparsity pattern of the Jacobian is provided. Moreover, a mesh refinement strategy in
x-direction is used, to account for steep gradients that especially arise at the boundaries
of the different zones.

B.3.4 MBtA: parameter set

Table B.6 summarizes the parameter set used as reference case in the analysis of MBtA
operation. The gas duct between the belt and adsorber wall is assumed to be 1 mm.
Stainless steel (V2A) is selected as the solid heat transfer medium. A transfer medium
height HT of 2 mm is selected, with a worst case estimate for its thermal conductivity of
15 W K−1 m−1 being used.116
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Table B.7: Thermophysical properties of the thermal oil. Values are given for Dowtherm J at a
temperature of 65 °C that equals the mean of the operation temperature range expected that spans
25 – 105 °C.

Density ρTL
/kg m−3 829 [116]

Dyn. viskosity µTL
/10−6 Pa s 538 [116]

Heat capacity cp,TL
/J kg−1 K−1 1973 [116]

Th. conductivity λTL
/10−3 W K−1 m−1 119 [116]

B.4 MBdA

This section summarizes the characteristics of the MBdA evaluation that comprise: a
definition of thermophysical properties (Appendix B.4.1), a description of the mathemat-
ical model (Appendix B.4.2), a presentation of the numeric approach used to obtain the
operation profiles in steady state (Appendix B.4.3) and a summary of the design and
operation parameters of the configurations analyzed (Appendix B.4.4).

B.4.1 MBdA: thermophysical and adsorption properties

The thermophysical and adsorption properties are evaluated in analogy to MBtA (Ap-
pendix B.3.1, Table B.3). Dowtherm J is selected as a representative of a typical thermal
oil,116 the properties of which are given in Table B.7.

B.4.2 MBdA: model

Figure 4.3 allows for a basic insight into the MBdA design. A one-dimensional model is
proposed. The x-coordinate is orientated in direction of the sorbent flow, starting at the
sorbent inlet in the adsorption zone. Governing equations for three different submodels
that describe the gas G (Appendix B.4.2.1), particle P (Appendix B.4.2.2), and liquid
transfer medium phase TL (Appendix B.4.2.3) are used. Concentration and temperature
profiles in the sorbent bed are estimated via the assumption of parabolic profiles, to
derive the corresponding gradients at the bed outer interface, relevant for mass and energy
transfer. Here, it is assumed that the integral mean of the parabolic profile equals the
corresponding state variable in the differential equations discussed below. Moreover, a
brief discussion on the compression energy requirement is given in Appendix B.4.2.4.

B.4.2.1 Governing equations: gas phase

The law of mass conservation in the void space between the sorbent particles reads

∂cG,iSpe

∂t
= −

∂
(
uG · cG,iSpe

)
∂x

− 1− ψB

ψB

·ρP ·kdf,ads,iSpe
·
(
qeql,iSpe

− qiSpe

)
−az,B ·ṄGAmb,iSpe

.

(B.17)
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The parameter az,B defines the specific area of the bed in z-coordinate, which reads

az,B =
2

HB,z
(B.18)

and

ṄGAmb,iSpe
= 6 ·Ddif,iSpe,mol ·

cG,iSpe
− cAmb,iSpe

HB,z
(B.19)

gives the area-specific mass transfer between the bed and the ambient. ṄGAmb,iSpe
equals

zero for all zones except from the adsorption unit.

The profile of the gas phase temperature along the axial coordinate x is defined by

∂TG

∂t
=

1∑
iSpe

cG,iSpe
· cp,G,iSpe

· ∂pG

∂t
− uG ·

∂TG

∂x

− 1∑
iSpe

cG,iSpe
· cp,G,iSpe

· az,B · q̇GEx

− aP∑
iSpe

cG,iSpe
· cp,G,iSpe

· 1− ψB

ψB

· hdf,GP · (TG − TP) .

(B.20)

Here, the volume-specific outer surface area of the sorbent

aP =
6

DP

(B.21)

is calculated based on the assumption of ideal sphere-like particles with a diameter of
DP =DP,10 (Table 3.4). The linear driving force coefficient hdf,GP between the gas and
particle phase is estimated based on a common Nusselt correlation proposed by Gnielin-
ski116 and the area-specific heat flux between the gas phase and adsorber bed periphery
in the different zones reads:

Adsorption zone q̇GEx = 6 · λG ·
TG − TAmb

HB,z
(B.22a)

Heating / cooling zone q̇GEx = hdf,TΣ
· (TGTL

− TTL
) (B.22b)

Desorption zone q̇GEx = 6 · λG ·
TG − TW

HB,z
(B.22c)

In (B.22b) TGTL
is the temperature at the bed-transfer medium interphase defined via

the parabolic profile and

hdf,TΣ
=

(
1

hdf,TL

+
HTSol

λTSol

)−1

(B.23)

gives the overall heat transfer coefficient from the transfer medium to the outer surface
of the solid bed. In analogy to MBtA (Appendix B.3.4), the solid transfer medium is
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assumed to be a sheet of V2A steel with a width HTSol
of 2 mm. The heat transfer

coefficient from the bulk phase of the liquid transfer medium to the wall of the bordering
duct is calculated based on common Nusselt correlations proposed by Mercer for laminar
flows.116

Whereas the gas phase velocity equals the bed velocity in the adsorption and heating
zone, additional equations are required to describe the coupled evolution of gas phase
pressure and velocity in the desorption and cooling zone. Summation of (B.17) and use
of the assumption of ideal gas phase behavior results in

∑
iSpe

∂cG,iSpe

∂t
=

1

Rid

· ∂
∂t

(
pG
TG

)
= − 1

Rid

· ∂
∂x

(
uG · pG
TG

)
−
∑
iSpe

1− ψB

ψB

· ρP · kdf,ads,iSpe
·
(
qeql,iSpe

− qiSpe

)
.

(B.24)

Ergun equation116

∂pG

∂x
= 150 · (1− ψB)2

ψ3
B

· µG

D2
P

·(uB − uG) ·ψB +1.75 · 1− ψB

ψ3
B

· ρG

DP

·((uB − uG) · ψB)2 (B.25)

provides additional information about the evolution of the gas phase pressure along the
spatial coordinate x. Besides the equations given, spatial boundary conditions to be ful-
filled need to be defined. Continuity of the fluxes at the boundaries between the different
zones in x-coordinate results in cyclic behavior in the spatial domain. Additionally, the
finite volume elements at the gas phase inlet and outlet are treated like mixing cells that
incorporate the convective transport of gas with gas velocity uG in stream direction and
contributions from the convective transport of the gas phase in direction of the solid phase
movement with solid phase velocity uB. Gas phase temperature TG,in, pressure pG,in, ve-
locity uG,in and concentrations cG,iSpe,in define the boundary conditions at the gas phase
inlet that is located at the transition between the cooling and adsorption zone.

B.4.2.2 Governing equations: particle phase

Sorbent movement through the different zones results in cyclic operation of the particle
phase in the spatial domain. The governing equation for sorbent loading reads

∂qiSpe

∂t
= −uB ·

∂qiSpe

∂x
+ kdf,ads,iSpe

·
(
qeql,iSpe

− qiSpe

)
. (B.26)

Convective transport by sorbent movement with velocity uB is assumed. The driving force
approach that is used to model the adsorption of CO2 is discussed in Appendix B.3.1.3.
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The sorbent particle temperature is defined by

∂TP

∂t
=− uB ·

∂TP

∂x
− az,B
ρP · cp,P

· q̇PEx +
aP

ρP · cp,P
· hdf,GP · (TG − TP)

+
∑
iSpe

kdf,ads,iSpe

cp,P
·
(
qeql,iSpe

− qiSpe

)
·
(
−∆hads,iSpe

)
.

(B.27)

The heat exchange with the bed peripheries q̇PEx is defined in analogy to (B.22a) - (B.22c)
and the calculation of the heat flows between the particle and gas phase is discussed in
Section B.4.2.1.

B.4.2.3 Governing equations: transfer medium phase

Flow of the transfer medium counter-current to the solid sorbent is realized in the heating
and cooling zone on both sides of the sorbent bed. The transfer medium phase tempera-
ture profile TTL

in a single channel is defined by

∂TTL

∂t
=− uTL

· ∂TTL

∂x
+ az,TL

· (1− ψB) · hdf,TΣ

ρTL
· cp,TL

· (TPTL
− TTL

)

+ az,TL
· ψB ·

hdf,TΣ

ρTL
· cp,TL

· (TGTL
− TTL

) .

(B.28)

The definition of the heat transfer coefficient hdf,TΣ
is discussed in Section B.4.2.1 and the

specific surface area of one transfer medium channel is calculated by

az,TL
=

1

HTL,z
. (B.29)

Properties of the transfer medium (Table B.7) as well as its velocity uTL
and the width

of the transfer medium duct HTL,z take constant values. Cyclic operation is realized by
continuity of fluxes between the stream that leaves the heating and enters the cooling
zone. The transfer medium flow that leaves the cooling zone is assumed to be externally
heated to heating zone inlet temperature THeain,TL

. Thus, prescription of THeain,TL
is used

as spatial boundary condition of (B.28) in the heating zone.

B.4.2.4 Compression energy requirement

Compression energy requirement Ėcom is calculated based on the compressor model out-
lined in Appendix C.3.3.1. Contributions from low-pressure operation, i.e., pressure
change from gas phase outlet pressures pG,out to ambient pressure and from ambient
pressure to gas phase inlet pressure pG,in are taken into account. In the calculation of the
former contribution, the properties of the gas phase at the compressor inlet equal the one
at the gas phase outlet of the DAC unit, whereas for the estimation of the latter contri-
bution a compressor inlet temperature of 25 °C is assumed. For the sake of clarity, neither
recovery of the additional thermal energy stored in the gas phase after compression nor
use of turbines, to recover the energy stored in the gas phase pressure during pressure
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change to low pressure levels, is taken into account, as realization of these concepts will
depend on the specific characteristics of strip gas supply and of DAC product gas use.
This way, a worst case analysis with regard to the additional energy demand that arises
from gas phase compression is obtained.

B.4.3 MBdA: numeric

In analogy to MBtA, a coupled PDAE system needs to be solved in view of obtaining the
state variable profiles of MBdA in steady state. The spatial coordinate is discretized by
means of a finite volume scheme (FVS ).340 Here, a first-order upwind scheme (UWS )312,340

is used to describe the convective flows in the particle and gas phase, in direction of bed
movement and strip gas flow, respectively. Cyclic behavior in spatial domain is enforced
by the boundary conditions used in direction of the bed movement. Integration in time
domain via use of Matlab® ode15s function178 allows to obtain the steady state solution. A
convergence analysis under consideration of numerical tolerances reveals relative changes
of state variables to be in the order of magnitude of 10−15 % s−1 or lower for the steady
state profiles obtained. To realize the gas phase outlet pressure and strip gas mole flow
at the gas phase inlet aspired, the gas phase inlet pressure and velocity are adjusted by
the Matlab® function fsolve178.

In view of computing time the Sparsity pattern of the Jacobian is provided to Matlab®

ode15s function.178 A mesh refinement strategy in x-direction is used, to account for steep
gradients that especially arise at the boundaries of the different zones.

B.4.4 MBdA: parameter set

Table B.8 summarizes the key operation parameters of MBdA. In analogy to MBtA (Ap-
pendix B.3.4) stainless steal (V2A) is used as solid transfer medium with a width HT of
2 mm. Dowtherm J is selected as liquid transfer medium. Its thermophysical properties
are summarized in Table B.7. The transfer medium velocity is adjusted such that its
heat capacity flow equals the one of the sorbent. The transfer medium inlet temperature
THeain,TL

is defined, such that the temperature of the particles that enter the desorp-
tion zone equals desorption temperature level Tdes =TW. Use of an additional solid heat
transfer medium to increase the heat transfer in the sorbent bed is not considered in the
parameter sets used. With view on low-pressure operation, gas phase inlet velocity uG,in,sup

and pressure pG,in are adjusted, such that the pressure at the gas phase outlet pG,out takes
a defined value and the ratio between the mole flow of strip gas used and the quantity of
this stream in the MBtA reference case (HG,z,ref = 2 · 10−3 m, uG,in,sup,ref = 25 · 10−3 m s−1,
pG,in,ref = 1 · 105 Pa and TG,in,ref = 25 °C) equals the factor φṅH2,in

,ṅH2,in,ref
.

B.5 Experimental investigation of transport phenomena

A brief overview of the experimental setting (Appendix B.5.1), of the adsorber design
(Appendix B.5.2) as well as of the experimental procedure and of the data evaluation
(Appendix B.5.3) is given.
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Table B.8: Parameter set used in the evaluation of MBdA.

Set Lx,DACAds
Lx,DACHea

Lx,DACDes
Lx,DACCoo

HB,z uB φṅH2,in,ṅH2,in,ref
uG,in,sup

/m /m /m /m /10−3 m /10−3 m s−1 /- /10−3 m s−1

1 12 3 6 3 5 1 1 -9.4

2 12 3 6 3 5 1 2.5 -33.5

Set pG,in TG,in pG,out HTL,z THeain,TL
TW yAmb,CO2

/105 Pa /°C /105 Pa /10−3 m /°C /°C /10−6

1 1.07 25 1.0 2 102 100 400

2 0.75 25 0.5 2 102 100 400

B.5.1 Experimental setting

The basic flow sheet of the experimental setup is visualized in Figure 4.12(a). A summary
of the devices and materials used is provided in Table B.9. Flows of nitrogen and test
gas are controlled by a Bronkhorst mass flow controller.170 This gas stream is sent to the
analysis section after either flowing through the adsorber unit or bypass. Flow splitting
allows to meet the specific volume flow requirements of the URAS26 EL3020 infrared
devices (IR-1: 0 – 500 pmm, IR-2: 0 – 40 %) from ABB171 used for online measurement of
the CO2 gas phase mole content.

A modular adsorber design based on structures build by 3D printing is realized to allow
for flexibility. Two gas tightened support elements that form a channel, the walls of which
can be modified by inlays of different designs, e.g., to vary the width of the channel or
of the sorbent bed (Figure B.2), build the core of the adsorber unit. The sorbent bed
consists of a mixture of glass beads309 and Lewatit162, which is immobilized by a wire
mesh. For the sake of temperature control the support elements are surrounded by a gas-
tight housing that is dropped into a water bath. The temperature of the bath is adjusted
by a thermostat (SE-6, Julabo)304 with additional cooling device. Fast homogenization
of temperature inside the water bath is realized by convective circulation of the liquid
through a pump provided by Ismatec341. Data recording and plant control is realized via
Labview 169.

B.5.2 Adsorber design

Figure B.2(a) gives a basic overview of the modular adsorber design used for the analysis
of mass transport phenomena. Elements are made up of acrylonitrile butadiene styrene
(ABS) and formed via 3D printing using Ultimaker2® from Ultimaker 342. A wire
mesh, the properties226 of which are approximately: HMes = 106 µm, DWir = 63 µm and
aope,Mes = 39 %, is used to immobilize the sorbent bed in the support structure printed.
The bed is formed by Lewatit162 particles and glass beads173. Table B.10 gives an
overview of the geometric dimensions and operation parameters of the experimental
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Table B.9: Equipment and material used to perform BTC experiments in the studies of mass
transport phenomena. *Workshop of TU Dortmund University

Provided by Additional information Source

Equipment

3D printer Ultimaker Model: Ultimaker2® [342]

Adsorber Mechanic workshop*

3D print

Outer support provided by mechanic workshop

Detailed description of inner design in Appendix B.5.2

Apax Box Electronic workshop*

Advantech

[298]

Filter ABB Model: Disposable filter 50K

Infrared device ABB Model: URAS26 EL3020, IR-1: 0 – 500 pmm, IR-2: 0 – 40 % [171]

Mass flow control Bronkhorst Model: EL-Flow, thermal mass flow controllers [170]

Mass flow control KOBOLD Model: KFR-4240NO (flow to IR)

KFR-4243NO (flow to bypass)
Manual mass flow controllers with needle valve used for flow
splitting before IRs

[343]

Pump Ismatec Model: Reglo-z [341]

Scale Kern & Sohn Model: ALS 220-4 [306]

Scale Sartorius Model: QUINTIX3102-1S [344]

Thermocouple
(1-point)

CVT inventory Typ K (NiCr-Ni)

Thermostat Julabo Model: SE-6

Thermostat with circulation pump

[304]

Pressure sensor JUMO 0 Pa≤ pmea≤ 2.5 · 105 Pa

Model: MIDAS C08

[345]

Gas

Nitrogen Messer Quality: technical [299]

Test gas

(ppm fraction)

Messer CO2 in syn. air, quality CO2: 4.5, quality syn. air: 5.0

Relative error in CO2 content ± 2 %

[299]

Additional material

Cooling water TU Dortmund Uni. Provided by TU Dortmund University, temperature ca. 7 °C

Glass beads Netzsch GlasBeads 0.5, DGla≈ 0.4 – 0.6 mm, ρGla = 2.5 · 103 kg m−3 [173]

Lewatit Lanxess Information summarized in Table 3.4 [162]

Silicon oil CVT inventory Silicon oil M50

VE water TU Dortmund Uni.

setup.

B.5.3 Experimental procedure and data evaluation

The experimental procedure reads as follows:

• Desorption is performed under nitrogen flow of 0.75 Nl min−1 at 60 °C. Regen-
eration time in general takes several hours and varies in dependence of the bed
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Mesh

Lewatit

Glass

V̇in,G V̇out,G

yin,CO2

Lin Lads Lout

HB,z

HCha,z

Outer support

(a) Adsorber top view

HCha,x

HCha,z

Outer supportBed support

HB,z

HSupout,x

HSupout,z

HSupB,z

(b) Adsorber front view

Figure B.2: Sketch of the adsorber used for the experimental analysis of mass transport phenomena.
The housing is not shown. (a) Top view of the adsorber cross section and (b) front view of the
adsorber cross section are depicted. Dimensions of the bed (B), gas channel (Cha), bed support
structure (SupB) and outer support structure (Supout) are shown. The channel height equals the
height of the bed support structure: HCha,x = HSupB,x. The walls of the bed support structure
between the sorbent bed and the outer support in x direction are of a depth of 1.25 mm.

Table B.10: Main operation and design parameters used in the experimental analysis of mass
transport phenomena. Variables resemble the ones defined in Figure B.2. The mass of Lewatit
and glass beads is given for the whole fill, i.e., for the sum over all wall elements. The parameter
ysam,CO2 is the CO2 mole fraction defined by the test gas certificate.

V̇in,G HB,z HCha,x HCha,z HSupB,z HSupB,x HSupout,x HSupout,z Lin Lads Lout mSor mGla ysam,CO2

/Nl min−1 /mm /mm /mm /mm /mm /mm /mm /mm /mm /mm /g /g /ppm

1.5 2.5 12.5 10 12.5 1.25 50 25 150 440.5 2 3.9 26.5 402

1.5 7.5 12.5 10 12.5 1.25 50 25 150 440.5 2 3.9 98.4 400

configuration. The desorption is stopped if the CO2 content measured is lower than
2 ppm

• Cooling to adsorption temperature of ca. 30 °C is performed under nitrogen flow.
Exchange of the water in the water bath with cool, fresh water allows to reduce
the time span required for cooling to less than 1 h. At the end of the cooling time,
isothermal conditions are reached with no trend in the temperature profile being
observable and temperature fluctuations of less than 0.5 °C over more than 5 min
being noticed

• Adsorption phase is started by changing the flow from nitrogen to a defined flow
of test gas. In dependence of the configuration used, the adsorption time can exceed
more than 24 h

Data evaluation:
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• Data evaluation is performed in Matlab®178

• The curves shown are not corrected with regard to the influence of the plant res-
idence time distribution. This is reasoned in the aspect that residence time ex-
periments indicate a negligible influence of this contribution on the results of the
discussion performed, e.g., the initial breakthrough times observed in the residence
time experiments are less than 1 min

B.6 Cost estimation

CO2-specific capture costs

cmCO2
=
∑
iEqp

cmCO2
,inv,iEqp

+ cmCO2
,Sor + cmCO2

,Ė + cmCO2
,ṅadi

(B.30)

comprise contributions from equipment costs cmCO2
,inv,iEqp

(Appendix B.6.1), sorbent cost
cmCO2

,Sor (Appendix B.6.2), energy demand (cmCO2
,Ė) (Appendix B.6.3) and additional

component requirement cmCO2
,ṅadi

(Appendix B.6.4). Moreover, the definition of zone
length-specific costs used in the calculations is given in Appendix B.6.5. An exchange
rate from Euro to USD of 1.12 $ C= −1 is assumed that equals the mean value reached in
2019.346

Cost are evaluated based on the reference scenario: CO2 product flow
ṅPro,CO2 = 5 mol s−1 and solid velocity uB = 1 mm s−1. A working capacity ∆qwor,CO2 of
0.25 mol kg−1 and thermal slip in the solid phase ∆Tlos,DAC of 5 K in MBtA is assumed,
whereas these parameters take values of ∆qwor,CO2 = 0.5 mol kg−1 and ∆Tlos,DAC = 2.5 K
for MBdA operation (Section 4.4). In MBdA a decrease of the desorption pressure to
pG,out = 0.5 · 105 Pa is taken into account. No increase of heat transfer by solid fins or by
solid transfer medium use in the sorbent bed is considered.

B.6.1 Equipment-related costs

The cost estimation is performed based on the factorial method, which results in a Class
4 cost estimate. It is in general based on limited cost data and design information.217

In the factorial method217 project capital investment is calculated based on the key
equipment costs. Factors φISBL,iEqp

are used to correlate carbon steal-based equipment
costs CiEqp

to battery limits investment

CISBL,iEqp
= φISBL,iEqp

· CiEqp
(B.31)

that comprises cost components from: equipment erection, piping, instrumentation and
control, electrical work, civil engineering work, structures and buildings as well as lagging,
insulation and paint. For fluids-solids-based processes build in carbon steal φISBL,iEqp

takes
a value of 3.2, whereas in case of stainless steal use φISBL,iEqp

increases to 3.7 if equipment
costs are given on a carbon steel basis.217 If costs for equipment purchased in stainless
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steel are used, φISBL,iEqp
takes a value of 2.8, if the process is to be build in stainless

steel.217 Construction in stainless steel is aspired.

Contributions to total capital investment

Cinv,iEqp
= CISBL,iEqp

· (1 + φOSBL) · (1 + φD&E + φCot) (B.32)

are calculated based on CISBL,iEqp
by additionally taking into account contributions from

outside battery limits costs (φOSBL), which account for modifications of the site infras-
tructure required. For chemical projects φOSBL typically takes values between 0.2 and
0.5.217 In line with Towler and Sinnott217 φOSBL = 0.4 is assumed for fluids-solids systems.
Moreover, costs for design and engineering (φD&E) are accounted for. For fluids-solids
processes a value of 0.25 is suggested,217 which is at the upper limit of values typically
used for φD&E (0.1 – 0.3).217 A safety margin φCot of 50 % is used that gives a worst case
estimate with regard to safety margins of 10 – 50 % typically taken into account.217

The capital investment Cinv,iEqp
is transformed to CO2-specific capture costs by equating

cmCO2
,inv,iEqp

=
Cinv,iEqp

ṅPro,CO2 ·MCO2 ·∆tdep · φtopr,tyea

. (B.33)

Linear depreciation over 10 years (∆tdep), which is in line with the typical usable life
for chemical manufacture processes of 9.5 years,217and a plant availability347 φtopr,tyea of
8000 h a−1 is assumed.

A discussion on the investment costs that arise from additional key equipment and
from the basic structure of the moving belt or bed adsorber is given in Appendix B.6.1.1
and B.6.1.2, respectively.

B.6.1.1 Costs for additional key equipment

Cost for additional capital investment are derived from cost curves of basic equipment
provided in the literature.217,282 Costs derived based on correlations (CiEqp,ref) are corrected
via Chemical Engineering Plant Cost Index (CEPCI )

CiEqp
=

CEPCI (t)

CEPCI ref

· CiEqp,ref (B.34)

to account for influence of inflation. For the studies CEPCI = 607.5 is used, which equals
the mean CEPCI in 2019.348 Table B.11 summarizes the correlations used for additional
costs considered in MBtA and MBdA. Belt movement in MBtA is assumed to be realized
by an explosion proof motor. Its power consumption is estimated based on the friction
forces at the sealings (Appendix B.2.1). A worst case assumption for the motor efficiency
of 84 % is used.282

In MBdA compression power requirement for low-pressure operation is estimated based
on the assumption of adiabatic compression (Appendix B.4.2.4). The efficiency of the com-
pression is pessimistically estimated to be 70 %.282 For the external temperature change
of the transfer medium, a shall and tube heat exchanger is used. Based on the operation
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Table B.11: Overview of correlations used for calculation of costs CiEqp,ref that result from addi-
tional equipment use in the MBdA and MBtA approaches.

Equipment Description Source

MBtA
Drive Explosion proof motor [217]

MBdA
Compressor Centrifugal compressor [217]
Heat exchanger U-tube shell and tube heat exchanger [217]
Liquid pump Centrifugal pump (AVS, with motor, 1 – 23 kW)

Pressure factor of one is selected
Costs recalculated to carbon steal by factor of 1.46217,282

[282]

Elevator Bucket elevator for solids excluding motor
Centrifugal discharge of chain-bucket
Malleable iron buckets (no material conversion factor given)

[282]

Explosion proof motor to drive the elevator [217]

conditions aspired, this is in line with the suggestions given by Woods282. To estimate the
heat transfer area, an overall transfer coefficient of 0.5 kW m−2, typically used for fluid
systems as water,282 and a linear driving force of 5 K for heat transfer is assumed. To
realize the convective flow of the transfer medium, use of a centrifugal pump is analyzed.
A worst case estimate for its power requirement is given by the assumption that the pump
needs to overcome a static pressure of the transfer medium equivalent to the height of all
zones the bed is moving through. A pump efficiency of 40 % is assumed.282 Lift of solid
particles to allow for bed movement by gravitational forces can be realized by bucket
elevators. Their energy consumption is estimated based on the sorbent flow and on the
maximum lift height with an overall efficiency for electric energy conversion of 40 % being
assumed based on the typical range of energy consumption for bucket elevator operation
that spans 13 – 23 J kg−1 m−1.282 Based on the power requirement calculated, the cost for
the bucket elevator drive is estimated via correlations for an explosion proof motor217.
Use of a single elevator module is assumed. Split in different modules, e.g., if the MBdA
zones are not placed above each other, is possible. Due to the economy of scale, this would
result in larger costs for the elevator modules. However, as in the preliminary analysis
only a basic insight into the overall cost structure is aspired and as the cost of the eleva-
tor module is small compared to the overall concept costs, a more detailed analysis does
not seem beneficial at this stage. Moreover, costs and energy demands for the sealings
are not explicitly analyzed. These will depend on the specific sealing design and, based
on Figures 4.13(a) and 4.13(b), can be estimated to take minor influence on the energy
demand as well as on the cost structure.

If not stated differently, all equipment prices are carbon steal-based. Only for the
bucket elevator no conversion factors to a carbon steal basis could be obtained. Moreover,
costs are not corrected by location factors, as these, if given, only take a minor influence
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on the cost estimate, e.g., the difference between US gulf cost and Germany is about
11 %.217

B.6.1.2 Zone length-related equipment costs

Costs for the basic setup of MBdA and MBtA

CiEqp
= φcos ·

∑
iB

c∆LBiB
,x,Mat ·∆LBiB ,x

(B.35)

are calculated based on the zone length ∆LBiB ,x
, defined in direction of the solid phase

movement (x), and on the zone length-specific cost c∆LBiB
,x,Mat of the key material. These

are multiplied by the factor φcos that accounts for costs associated to the construction of
the equipment. An analysis of the cost structure of steel constructions by Bollinger et al.349

and Janisch350 indicates costs for construction to be similar to raw material costs. Thus,
φcos is estimated to take a value of two. Zone length-specific costs

c∆LBiB
,x,Mat = ∆LB,y ·

∑
iMat

φMat,iB,iMat
· cMat,iMat

(B.36)

are derived based on the ratio of m2 material required per m2 bed (in x-y plane) φMat,iB,iMat

and on the costs per m2 of material cMat,iMat
. The depth of the sorbent bed in y-coordinate

∆LB,y =
ṅPro,CO2

∆qwor,CO2

· 1

(1− ψB) · ρP · uB · HB,z
(B.37)

is calculated in dependence of the sorbent bed properties (Table 3.4), bed width HB,z,
solid phase velocity uB = uBelt and product mole flow ṅPro,CO2 .

Table B.12 provides an overview of the material costs and associated factors for the
materials iMat used in the different zones iB of the concepts. Prices of thin steel sheets
(2 mm,V2A) are used, raw material costs of which are estimated based on a price for V2A
steel of ca. 1.12 $ kg−1 in 2019.351 These metal plates are used as heat transfer media for
heat exchange from bed to bed cMat,BB and from the bed to a fluid phase, i.e., to the trans-
fer medium in the heating and cooling zone cMat,BF,rec or to the external heating medium
in the external heating and desorption zone cMat,BF,ext. Moreover, material for housing is
required (cMat,Hou). Use of V2A steel is intended to avoid corrosion and embrittlement by
hydrogen. Similarly, the wire mesh used (cMat,Mes) is made up of V2A steel.

At this point, it is explicitly stated that the presented cost estimate does not claim to
to provide exact capture costs and is rather to be understood as an order of magnitude
estimate through which the various contributions to the cost structure are analyzed. For
example, additional costs for support elements in MBtA or for pressure valves and for
sorbent distributors in MBdA are not considered. On the other hand, possible discounts
on material costs attributed to purchase of large quantities of material are not taken into
account. In this respect, also recalculation of the zone length-related costs by CEPCI
does not seem advantageous with regard to the overall accuracy of the cost estimate.
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Table B.12: Costs cMat,iMat per m2 of material and associated factors φMat,iB,iMat that correlate
the area of material iMat required to the area of the sorbent bed (in x-y plane) for the specific zones
iB the sorbent bed is moving through: adsorption (Ads), heating (Hea), external heating (Hex),
desorption (Des) and cooling (Coo). The cost for the steel mesh is given for mesh properties:
HMes = 0.25 mm and DWir = 0.16 mm. Raw material costs for a steal sheet of 2 mm width are
estimated based on the cost of V2A steel of 1.12 $ kg−1 in 2019.351

cMat,Mes cMat,BB cMat,BF,rec cMat,BF,ext cMat,Hou

/$ m−2 /$ m−2 /$ m−2 /$ m−2 /$ m−2

V2A mesh or sheet 25 18 18 18 18

[352] [351] [351] [351] [351]

MBtA

φMat,Ads,iMat
/- 2 0 0 0 0

φMat,Hea,iMat
/- 2 0.5 0 0 1

φMat,Hex,iMat
/- 2 0 0 1 2

φMat,Des,iMat
/- 2 0 0 1 2

φMat,Coo,iMat
/- 2 0.5 0 0 1

MBdA

φMat,Ads,iMat
/- 2 0 0 0 0

φMat,Hea,iMat
/- 0 0 2 0 2

φMat,Des,iMat
/- 0 0 0 2 2

φMat,Coo,iMat
/- 0 0 2 0 2

B.6.2 Sorbent-related costs

Sorbent-related contributions to CO2-specific capture costs

cmCO2
,Sor =

∑
iB
c∆LBiB

,x,Sor ·∆LBiB ,x

ṅPro,CO2 ·MCO2 ·∆tdep,Sor · φtopr,tyea

(B.38)

are calculated similar to zone length-related equipment costs (Appendix B.6.1.2). The
maximum stability of the sorbent given by the vendor162 is two years. Based on this
information, it is assumed that the frequency of sorbent exchange ∆tdep,Sor equals two
years. Bed length-specific costs

c∆LBiB
,x,Sor = cmSor

· (1− ψB) · ρP · HB,z ·∆LB,y (B.39)

are obtained as a function of sorbent bed properties (Table 3.4), bed dimensions (HB,z,
LB,y) and the sorbent mass-specific cost353 cmSor

of 55 $ kg−1.

B.6.3 Energy-related costs and carbon footprint

Prices for thermal (0.032 $ kWh−1) and electric energy (0.179 $ kWh−1) supply to industry
for Germany in 2019 are used in the calculations.354 Specific CO2 emissions of electric en-
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ergy294 supply of 468 g kWh−1 and of thermal energy supply by natural gas combustion355

of 200 g kWh−1 are taken into account.

B.6.4 Additional component-related costs

In MBdA additional component-related costs take into account the costs attributed to
liquid transfer medium use. Dowtherm J is selected as reference medium (Table B.7).
Costs of 11 $ kg−1 are given by the vendor.356 The contribution to the CO2-specific capture
costs

cmCO2
,TL

=

∑
iB
c∆LBiB

,x,TL
·∆LBiB ,x

ṅPro,CO2 ·MCO2 ·∆tdep,TL
· φtopr,tyea

(B.40)

is calculated in analogy to the sorbent-related costs (Appendix B.6.2) in dependency of
the bed length-specific costs

c∆LBiB
,x,TL

= cmTL
· φTL,iB · ρTL

· HTL,z ·∆LB,y . (B.41)

The width of the transfer medium duct HTL,z is selected to be 2 mm. Similar to the
zone length-related equipment costs, φTL,iB defines the ratio of transfer medium ducts
per moving sorbent bed in the corresponding zone iB. φTL,iB takes a value of two for
the heating and cooling zone, whereas in the other zones considered no flow of this cool-
ing medium is taken into account. In analogy to the equipment depreciation time, the
exchange frequency of the liquid transfer medium ∆tdep,TL

is estimated to be 10 years.
Costs for additional heat transfer medium use, e.g., in the desorption zone are not

considered in this basic estimate, as these depend on the concept of heat supply, e.g., by
steam or by transfer medium, and basic costs of these contributions are already reflected
within the energy costs analyzed.

Also costs for hydrogen strip gas might be included in the analysis. Costs range be-
tween 1.5 $ kg−1 and 10.3 $ kg−1 in dependence of the production process, with electrolysis
processes being at the upper limit of this cost range.280 Hydrogen production by electrol-
ysis in a stoichiometric ratio of 4 : 1 related to the CO2 product gas stream of the DAC
unit would result in additional CO2-specific capture costs of 1900 $ t−1. However, as the
use of hydrogen strip gas results from the target of CO2 activation in Sabatier reaction
and is in general no intrinsic constraint of the capture process itself, it seems reasonable
to not include these costs in the calculation of the CO2-specific capture costs.

B.6.5 Zone length-specific contributions to CO2-specific capture
costs

Zone length-specific contributions to CO2-specific capture costs cmCO2
,∆LBiB

,x,i are derived

in analogy to the CO2-specific capture costs by neglect of multiplication with the zone
length ∆LBiB ,x

and by solely evaluation of a single zone iB in (B.35), (B.38) or (B.40).
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C Appendix: Handling water
co-adsorption

Parts of this appendix have been published in a peer-reviewed journal article and in the
corresponding supplementary information.240

C.1 Thermophysical properties

Thermophysical properties of liquid water and water vapor are derived based on corre-
lations provided in IAPWS International Steam Tables357. Influence of pressure in these
correlations is not considered. The enthalpy of the water adsorbed on the sorbent is as-
sumed to equal its enthalpy in liquid state (Section 3.2.3.1). n-BET isotherm model (3.6),
the parameters of which are summarized in Table 3.2, is used to evaluate H2O equilibrium
loading on Lewatit. Water saturation pressure in the gas phase is calculated by Antoine
equation with a parameter set given by Poling et al.126.

Thermophysical properties of CO2 are calculated based on the correlations outlined
in Table B.3. The heat of CO2 desorption −∆hads,CO2 is assumed to take a constant
value of 84 kJ mol−1, which is estimated based on the analysis of the isosteric heat of
adsorption in a temperature range of 25 – 100 °C for CO2 loadings that span 0 – 1 mol kg−1

(Figure 3.6(b)). Toth isotherm model (3.2) with parameter set 7 summarized in Table 3.1
is used to evaluate CO2 equilibrium loading on Lewatit.

Thermophysical properties of Lewatit are outlined in Table 3.4.

C.2 Equilibrium adsorber model

Basic equilibrium adsorber models are designed to evaluate the influence of H2O co-
adsorption on an unit operation level. Slip streams in the sorbent bed void space are not
considered. Sorbent particles are assumed to enter the isothermally operated regeneration
unit with CO2 and H2O loadings, qeql,CO2,Amb and qeql,H2O,Amb, respectively, that equal
their loadings in equilibrium with ambient conditions. Note that this incorporates the
assumption of a negligible change in loading during sorbent heating, which is justified by
the small ratio of the sorbent bed void space to the sorbent volume-specific loading.

189



C Appendix

The governing equations derived for co-current operation at desorption temperature
Tdes read

qwor,CO2 =qeql,CO2,Amb −∆qwor,CO2 = qeql,CO2,Amb · (1−∆qwor,CO2,rel) (C.1a)

pwor,CO2 =peql,CO2 (qwor,CO2 , pwor,H2O, Tdes) (C.1b)

qwor,H2O =qeql,H2O,Amb −∆qwor,H2O = qeql,H2O,Amb · (1−∆qwor,H2O,rel) (C.1c)

pwor,H2O =peql,H2O (qwor,H2O, Tdes) (C.1d)
pwor,CO2

∆qwor,CO2

=
pwor,CO2

qeql,CO2,Amb − qwor,CO2

=
pwor,H2O

qeql,H2O,Amb − qwor,H2O

=
pwor,H2O

∆qwor,H2O

. (C.1e)

This operation mode always allows for solutions that are in line with the equilibrium
constraints. However, this does not always hold true for counter-current operation, for
which the set of governing equations can be summarized as follows

qwor,CO2 =qeql,CO2,Amb −∆qwor,CO2 = qeql,CO2,Amb · (1−∆qwor,CO2,rel) (C.2a)

pwor,CO2 =peql,CO2 (qeql,CO2,Amb, pwor,H2O, Tdes) (C.2b)

qwor,H2O =qeql,H2O,Amb −∆qwor,H2O = qeql,H2O,Amb · (1−∆qwor,H2O,rel) (C.2c)

pwor,H2O =peql,H2O (qeql,H2O,Amb, Tdes) (C.2d)
pwor,CO2

∆qwor,CO2

=
pwor,CO2

qeql,CO2,Amb − qwor,CO2

=
pwor,H2O

qeql,H2O,Amb − qwor,H2O

=
pwor,H2O

∆qwor,H2O

. (C.2e)

Relative working capacities ∆qwor,H2O,rel larger than one can be required to simultaneously
satisfy (C.2a) - (C.2e). In other words, the water loading at the gas phase outlet can be
required to take negative values. Physically, this case can be interpreted as a scenario in
which the amount of H2O desorption is limited by the convective transport of H2O, which
is bound to the sorbent, into the desorption zone. This allows to define a physically sound
set of equations for these cases by replacing (C.2c) - (C.2d) with

qwor,H2O =0 (C.3a)

∆qwor,H2O =qeql,H2O,Amb = ∆qwor,H2O,rel · qeql,H2O,Amb . (C.3b)

Additional variables used in the governing equations are qwor,iSpe
that describes the sorbent

loading at the solid phase outlet and pwor,iSpe
that gives the gas phase pressure of specie iSpe

in the gas phase outlet, i.e., the gas phase pressure of component iSpe in DAC product gas
pPro,DAC,iSpe

. Gas phase pressures in equilibrium with the solid phase peql,iSpe
are calculated

based on the isotherms summarized in Appendix C.1. Note that the implementation of
these sets of equations in Matlab®178 also takes into account the influence of humidity on
CO2 capacity, such that basic estimates of the influence of this coupling based on (C.1a) -
(C.1e) and (C.2a) - (C.2e) are possible. However, a profound data basis with regard to the
2-component isotherms is lacking and estimation of water influence on pwor,CO2 (C.2b) in
case of non-equilibrium conditions at the gas phase outlet calls for more detailed modeling
including, besides others, kinetic data currently not available. Thus, the discussion of
these scenarios is not explicitly presented in this contribution.
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C.3 Integrated DAC–MVR operation

The evaluation of integrated DAC –MVR operation comprises assumptions and modeling
with regard to DAC unit operation (Appendix C.3.1), DAC –MVR heat transfer (Ap-
pendix C.3.2) and MVR operation (Appendix C.3.3). Moreover, an overview of the char-
acteristic energy and heat flows evaluated in the analysis is provided in Appendix C.3.4.

C.3.1 DAC unit operation

For the sake of generality, the analysis performed solely focuses on the desorption zone of
the DAC unit. No slip streams of gas in the bed void space are considered. An extended
model that takes into account the characteristic features of MBtA and MBdA operation
is discussed in the analysis of the integrated DAC -PtG process in Chapter 6.

The desorption temperature Tdes is assumed to equal the constant temperature TDACDes

adjusted in the desorption zone of the DAC unit. Species thermophysical properties rele-
vant for DAC operation are summarized in Appendix C.1. DAC product gas composition
is evaluated based on the equilibrium adsorber models outlined in Appendix C.2. Pres-
ence of an inert strip gas or low-pressure operation is assumed if the sum of H2O and CO2

partial pressures stays below the DAC reference operation pressure of 1 · 105 Pa. If the
sum of the partial pressures of these two species exceeds the reference operation pressure
of the DAC unit, the mole fractions of these species in the DAC product gas are assumed
to equal the ratio of their equilibrium pressures, with a total DAC product gas pressure
and temperature being 1 · 105 Pa and TDACDes

, respectively.

C.3.2 Heat transfer between DAC and MVR

The heat transfer characteristics from the MVR condensers to the DAC desorp-
tion zone are characterized by the minimum temperature difference for heat transfer
∆Tdf,MVRCon,DACDes

. As a first proxy, this value is pessimistically estimated to be 10 K.
In subsequent studies that take into account trade-off considerations between the invest-
ment costs and the potential for heat recovery this parameter might vary in dependence
on the characteristic operation points of the process units. However, use of a fixed value
of ∆Tdf,MVRCon,DACDes

seems sufficient with respect to the basic investigation aspired in
this contribution.

C.3.3 Mechanical vapor recompression MVR

The DAC product gas is sent to the multi-stage compression-condensation unit sketched
in Figure 5.6. After each compression stage (Appendix C.3.3.1) the gas phase is
cooled down in a condenser (Appendix C.3.3.2) that operates at TConiCon

= TDACDes
+

∆Tdf,MVRCon,DACDes
. If water condenses, it is separated from the gas stream before the gas

is sent to the next compression stage. For reasons of clarity heat losses to the environ-
ment and preheating before a compression stage, e.g., to avoid formation of droplets in
the compressors, are not considered.
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C.3.3.1 Model: compressor

Gas phase compression is modeled assuming:

• Ideal gas behavior

• Adiabatic compression

• Compressor efficiency282: ηComiCom
= 0.7

Ideal compressor outlet temperature is implicitly calculated by solving∫ TComiCom
,out,ide

TComiCom
,in

∑
iSpe

yComiCom
,in,iSpe

· cp,iSpe
(T)

T
dT = Rid · ln

(
pComiCom

,out

pComiCom
,in

)
. (C.4)

Based on the ideal compressor outlet temperature TComiCom
,out,ide, the compression energy

requirement is estimated by equating

ĖComiCom
=

∑
iSpe

ṅComiCom
,in,iSpe

·
(
hG,iSpe

(
TComiCom

,out,ide

)
− hG,iSpe

(
TComiCom

,in

))
ηComiCom

(C.5)

and the real compressor outlet temperature is implicitly obtained from

ĖComiCom
=
∑
iSpe

ṅComiCom
,in,iSpe

·
(
hG,iSpe

(
TComiCom

,out

)
− hG,iSpe

(
TComiCom

,in

))
. (C.6)

The overall energy input to the compressors

ĖCom =
∑
iCom

ĖComiCom
(C.7)

is calculated based on the energy requirements of the single compression stages.

C.3.3.2 Model: condenser

The phase change enthalpy of water vapor is recovered by means of water condensation.
The condenser model is based on the assumptions:

• Ideal gas phase behavior

• Isobaric operation

• Temperatures of the streams at the condenser outlet equal TConiCon

• If condensation appears, equilibrium between the phases is reached at the condenser
outlet

• Water saturation pressure psat,H2O is calculated by means of basic Antoine equation
with a parameter set given by Poling et al.126
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• Ideal separation of the liquid and gas phase, i.e., no entrainment of liquid water in
the gas phase or solubility of the gas phase in water is considered

With these assumptions at hand, the mass balance of component iSpe in condenser iCon

reads

ṅConiCon
,in,G,iSpe

= ṅConiCon
,out,G,iSpe

+ ṅConiCon
,out,L,iSpe

, (C.8)

with ṅConiCon
,out,G,iSpe

denoting the mole flow in the gas phase and ṅConiCon
,out,L,iSpe

being
the mole flow of a specie in the condensed phase. Condensation is assumed to appear
if the partial pressure of H2O exceeds its saturation pressure. The assumption of phase
equilibrium at the condenser outlet

pConiCon
,out,G,H2O = pConiCon

· yConiCon
,out,G,H2O = psat,H2O

(
TConiCon

)
(C.9)

allows for calculation of the H2O mole fraction yConiCon
,out,G,H2O in the gas phase at the

condenser outlet. Based on this information the amount of water condensed

ṅConiCon
,out,L,H2O =

ṅConiCon
,in,G,H2O − ṅConiCon

,in,G · yConiCon
,out,G,H2O

1− yConiCon
,out,G,H2O

(C.10)

and the heat release of condenser iCon

Q̇ConiCon
=
∑
iSpe

ṅComiCom
,out,iSpe

· hG,iSpe

(
TComiCom

,out

)
−
∑
iSpe

ṅConiCon
,out,G,iSpe

· hG,iSpe

(
TConiCon

,out

)
−
∑
iSpe

ṅConiCon
,out,L,iSpe

· hL,iSpe

(
TConiCon

,out

) (C.11)

can be calculated. Here, compressor and condenser numbers take the same value
iCon = iCom, which equals the number of the corresponding MVR stage. Finally, the overall
heat heat release of the condensers

Q̇Con =
∑
iCon

Q̇ConiCon
(C.12)

can be calculated from the contributions Q̇ConiCon
of the single condensation stages iCon

in MVR.

C.3.4 Characteristic energy flows

Various energy flows

ĖMVR-DAC,Σ = Q̇des,CO2 + Q̇des,H2O + Q̇∆Tdf,MVRCon,DACDes
= Ėadi + ĖCom + Q̇0

con (C.13)
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are investigated in the overall analysis of the coupled DAC –MVR process. Heat demands
result from desorption of CO2

Q̇des,CO2 = ṅPro,DAC,CO2 · (−∆hads,CO2 (TDACDes
)) (C.14)

and of H2O

Q̇des,H2O = ṅPro,DAC,H2O · (−∆hads,H2O (TDACDes
)) (C.15)

in the DAC unit. An additional contribution to the energy balance arises from the sensible
head

Q̇∆Tdf,Con,DAC
=
∑
iSpe

ṅConICon
,out,G,iSpe

·
(
hG,iSpe

(
TConICon

,out

)
− hG,iSpe

(TDACDes
)
)

+
∑
iCon

ṅConiCon
,out,L,H2O ·

(
hL,H2O

(
TConiCon

,out

)
− hL,H2O (TDACDes

)
) (C.16)

that is required to change the temperature of the species from DAC desorption temper-
ature to condenser outlet temperature.

The heat sources of the coupled DAC -MVR process are summarized on the right
hand side of (C.13). The energy input via the compressors ĖCom is discussed in Ap-
pendix C.3.3.1. Additionally, the heat release

Q̇0
con =

∑
iCon

ṅConiCon
,out,L,H2O · (hG,H2O (TDACDes

)− hL,H2O (TDACDes
)) (C.17)

that results from the phase change of water and the additional energy input

Ėadi = ĖMVR-DAC,Σ − ĖCom − Q̇0
con , (C.18)

required to close the energy balance, are taken into account. CO2-specific energy and
heat demands

ei,spenCO2

=
Ėi

ṅPro,DAC,CO2

(C.19)

and

qi,spenCO2

=
Q̇i

ṅPro,DAC,CO2

, (C.20)

respectively, are scaled with the DAC unit product gas flow ṅPro,DAC,CO2 of this specie.
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D Appendix: Intensified heat and mass
integrated DAC - PtG process

Parts of this appendix have been published in peer-reviewed journal articles and in the
corresponding supplementary information.240,274,275

D.1 Thermophysical properties

In this chapter information on the thermophysical properties of the the liquid and
gas / vapor phase are provided (Appendix D.1.1). Characteristics with regard to the ad-
sorbents and to the adsorption of species on zeolite 3A (Appendix D.1.2) and on Lewatit
(Appendix D.1.3) are discussed.

D.1.1 Species in the liquid and gas/vapor phase

Enthalpies, entropies and heat capacities of the gas phase species are calculated based on
Shomate equation128. For water in liquid and vapor state correlations provided in IAPWS
International Steam Tables357 are used. Influence of pressure in these correlations is not
considered. Ideal gas phase behavior is assumed. Properties of the mixed gas/vapor
phase are calculated based on (B.1). Water saturation pressure in the gas/vapor phase is
calculated by Antoine equation with a parameter set given by Poling et al.126.

D.1.2 Zeolite 3A and water adsorption on zeolite 3A

Thermophysical properties of zeolite 3A provided by Grace358 are used. According to
this data a heat capacity of the sorbent of 960 J kg−1 K−1 is assumed. Water equilibrium
loading qeql,Z3A,H2O is calculated by a generalized statistical thermodynamic adsorption
model proposed by LLano-Restrepo et al.237 for Grace adsorbents. This isotherm model
was derived based on adsorption data that span a temperature and H2O partial pres-
sure range of -20 – 100 °C and 10−2 – 105 Pa, respectively. Investigations performed by
Gabruś et al.359 suggest that the isotherms derived can be used to evaluate H2O equi-
librium loadings on the sorbent up to temperature levels of 250 °C. A constant heat of
adsorption ∆hads,Z3A,H2O =−64.7 kJ mol−1 is assumed, which equals the limiting value for
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zero H2O loading presented in the studies of LLano-Restrepo et al.237. The enthalpy of
the water adsorbed on zeolite 3A

hZ3A,H2O = hG,H2O + ∆hads,Z3A,H2O (D.1)

is estimated based on the heat of adsorption ∆hads,Z3A,H2O and on the enthalpy of water
vapor in the gas phase hG,H2O.

D.1.3 Lewatit and adsorption of species on Lewatit

Thermophysical properties of Lewatit that define the bed and solid phase characteristics
are summarized in Table 3.4 and discussed in Section 3.3. Equilibrium loadings for CO2

and H2O are modeled based on Toth isotherm model (3.2) (model no. 7, Table 3.1) and
on n-BET model (3.6) (Table 3.2), respectively.

The enthalpy of CO2 in the sorbate phase

hSoa,CO2 = hG,CO2 + ∆hads,CO2 (D.2)

is calculated based on the enthalpy of gaseous CO2 with a constant heat of adsorption
∆hads,CO2 of -84 kJ mol−1 being assumed. This value is estimated based on the analysis
of the isosteric heat of adsorption in a temperature range of 25 – 100 °C for CO2 loadings
that span 0 – 1 mol kg−1 (Figure 3.6(b)). Based on the analysis outlined in Section 3.2.3.1,
the enthalpy of water in the sorbate phase is assumed to equal its corresponding value in
liquid state

hSoa,H2O = hL,H2O . (D.3)

D.2 Models of the main equipment

Models that describe the operation characteristics of the basic process units and de-
vices: condenser (Appendix D.2.1), DAC unit (Appendix D.2.2), electrolysis (Ap-
pendix D.2.3), evaporator (Appendix D.2.4), heater / cooler (Appendix D.2.5), mixing
of streams (Appendix D.2.6), MVR unit (Appendix D.2.7), pump (Appendix D.2.8), re-
actor (Appendix D.2.9), throttling valve (Appendix D.2.10) and water adsorber unit (Ap-
pendix D.2.11) are implemented in Matlab®178. If not stated differently, no pressure losses
in the units are considered. For reasons of clarity, unit counting indices are omitted in the
equations derived for the single units in Appendix D.2.1 - D.2.11, e.g., Q̇Hea = Q̇HeaiHea

.

D.2.1 Model: condenser

Condensers are used to recover the heat of water condensation. The model of this unit is
described in detail in Appendix C.3.3.2.
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D.2.2 Model: direct air capture unit

In the DAC unit CO2 and H2O are adsorbed under ambient conditions and released
at desorption temperature level and at elevated concentrations. Species thermophysical
properties of special relevance for DAC applications are summarized in Appendix D.1.3.
Assumptions made in modeling of the DAC unit (Appendix D.2.2.1) and the correspond-
ing governing equations (Appendix D.2.2.2) are discussed in this section.

D.2.2.1 Assumptions

Various assumptions are made in modeling of the DAC unit, which can be summarized
as follows:

• Counter-current operation between the gas / vapor phase and sorbent is assumed

• Lewatit VP OC 1065 is used as adsorbent

• Thermophysical properties of relevance and adsorption isotherms are discussed in
Appendix D.1

• No interactions between H2O and CO2 adsorbed are taken into account

• Equilibrium with the ambient is reached at the end of the adsorption zone

• Ambient conditions read: temperature TAmb = 298.15 K, pressure pAmb = 105 Pa,
CO2 content yAmb,G,CO2 = 400 · 10−6, relative humidity φrh,Amb = 0.8, composition
of dry, CO2-free air yAir,N2 = 0.79 and yAir,O2 = 0.21

• Operation of the DAC unit is discussed in Appendix D.3.6

• A working capacity of CO2 ∆qwor,DAC,CO2 of 0.25 mol kg−1 is assumed

• The temperature at which a possible purge gas stream leaves the heating zone
Tpurge,DAC is assumed to equal ambient temperature TAmb

• The heat losses in the sorbent phase are characterized by the thermal slip
∆Tlos,DAC = 5 K

• The heat of adsorption as well as the sensible heat release of the gas / vapor phase
(in the bed void space), sorbent and sorbate in the adsorption zone are assumed to
be transferred to the ambient. These heat flows are not shown in the pinch analysis

D.2.2.2 Governing equations

The basic model outlined allows for estimates of the operation characteristics of MBdA and
MBtA by definition of the variables: relative working capacity ∆qwor,DAC,CO2 , desorption
temperature TDACDes

, pressure level at DAC outlet pDACDes,out, thermal slip in the sorbent
phase ∆Tlos,DAC.
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Mass balance Based on the relative working capacity

∆qwor,DAC,CO2,rel =
∆qwor,DAC,CO2

qeql,CO2,Amb

(D.4)

and on the CO2 product stream ṅPro,DAC,CO2 to be obtained, the amount of CO2 to be
desorbed

ṅdes,DACDes,CO2 =
ṅPro,DAC,CO2 − ṅDAC,in,coc,G,CO2 − ṅDAC,in,cuc,G,CO2

1 + yDAC,sliAds,Hea,G,CO2 · φDAC,sliAds,Hea,des

−yDAC,in,cuc,G,CO2 · φDAC,sliDes,Coo,des

,
(D.5)

can be calculated. Here, ṅDAC,in,cuc,G,CO2 describes the stream of CO2 that enters the
DAC unit in the strip gas flowing in counter-current operation mode relative to the
sorbent movement. For the scenarios analyzed no additional use of strip gas ṅDAC,in,coc in
co-current operation mode relative to the sorbent movement is considered.

Contributions of additional slip streams are taken into account by the denominator of
(D.5). The parameter

φDAC,sliAds,Hea,des =
pAmb

Rid · TAmb

· ψB

(1− ψB) ·∆qwor,DAC,CO2 · ρP

· φDAC,sliAds,Des
, (D.6)

gives the ratio between the mole flow of CO2 that is transferred from the adsorption to the
desorption zone via the void space of the sorbent bed and the amount of CO2 desorbed
into the product gas. In (D.6) φDAC,sliAds,Des

gives the fraction of the slip stream that is
not removed by additional purge gas use or by vacuum operation. Analogously,

φDAC,sliDes,Coo,des =
pDAC,in,cuc

Rid · TDAC,in,cuc

· ψB

(1− ψB) ·∆qwor,DAC,CO2 · ρP

(D.7)

defines the slip stream in the sorbent bed void space between the desorption and cooling
zone. Based on these definitions, the flow of specie iSpe that is transferred in the bed void
space from the adsorption to the desorption zone becomes

ṅDAC,sliAds,Des,G,iSpe
= yDAC,sliAds,Hea,G,iSpe

· φDAC,sliAds,Hea,des · ṅdes,DACDes,CO2 , (D.8)

the definition of the stream that is purged between these zones reads

ṅDAC,purgeAds,Des,G,iSpe
=yDAC,sliAds,Hea,G,iSpe

· pAmb

Rid · TAmb

· ψB

(1− ψB) ·∆qwor,DAC,CO2 · ρP

·
(
1− φDAC,sliAds,Des

)
· ṅdes,DACDes,CO2

(D.9)

and the mole flow of species in the bed void space at the boundary between the desorption
and cooling zone becomes

ṅDAC,sliDes,Coo,G,iSpe
= yDAC,in,cuc,G,iSpe

· φDAC,sliDes,Coo,des · ṅdes,DACDes,CO2 . (D.10)
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Moreover, the overall flow of specie iSpe that enters the desorption zone in co-current flow
with the sorbent can be calculated as follows

ṅDACDes,in,cocΣ,G,iSpe
= ṅDAC,in,coc,G,iSpe

+ ṅDAC,sliAds,Des,G,iSpe
. (D.11)

Based on the mole flow of CO2 required to be desorbed ṅdes,DACDes,CO2 , the sorbent
mass flow

ṁP,DAC =
ṅdes,DACDes,CO2

∆qwor,DAC,CO2

(D.12)

can be calculated. This parameter is used in the determination of the stream of H2O
desorbed

ṅdes,DACDes,H2O = ∆qwor,H2O,rel · qeql,H2O,Amb · ṁP,DAC (D.13)

that also depends on the relative working capacity of H2O

∆qwor,DAC,H2O,rel =
∆qads,H2O

qeql,H2O,Amb

. (D.14)

In line with the description of the DAC operation characteristics given in Section D.3.6,
∆qwor,DAC,H2O,rel is controlled by adjusting the flow of water vapor strip gas. Summarizing
the different contributions to the H2O balance of the DAC unit, it reads

ṅPro,DAC,H2O =ṅDAC,in,cuc,G,H2O + ṅDACDes,in,cocΣ,G,H2O

+ ṅdes,DACDes,H2O − ṅDAC,sliDes,Coo,G,H2O .
(D.15)

The mole balances of species other than CO2 and H2O

ṅPro,DAC,iSpe
=ṅDAC,in,cuc,G,iSpe

+ ṅDACDes,in,cocΣ,G,iSpe

− ṅDAC,sliDes,Coo,G,iSpe

(D.16)

do not take into account contributions from adsorption, as these species are considered
to be inerts. Additional adsorption effects between adsorption and desorption zone or
desorption and adsorption zone might be taken into account. However, due to the high
ratio between the moles of species present in the sorbate phase related to the gas phase
in the bed void space, no significant contributions on a mass balance level are to be
expected. This allows for neglect of the influence of desorption during sorbent heating
on the sorbent loading and on the gas phase composition at the gas phase outlet of the
DAC unit, if the stream introduced in co-current operation, e.g., to avoid slip streams
in the heating and external heating zone, becomes negligible small. If this is not the
case, the gas phase composition at the DAC unit outlet is defined by this co-currently
operated part of the DAC unit, if no complete desorption of water takes place. However,
as this operation mode results in a decrease of the maximum CO2 share in the gas phase
available at the DAC unit outlet, selecting this operation region for the DAC unit does
not seem reasonable. Adsorption and desorption effects can also take place between the
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inlet of the strip gas that is operated in counter-current flow relative to the sorbent flow
and the sorbent’s outlet to the ambient. Here, it is assumed that equilibrium between the
gas phase species present in the bed void space and their corresponding loadings at the
sorbent is reached at the solid phase outlet to the adsorption zone. With regard to the
mass balance, again, these contributions become negligible small. However, re-adsorption,
e.g., of water vapor from the bed void space can result in an additional heat source to be
exploited in the cooling zone.

Energy balance The heat demand of the DAC unit

Q̇ext,DAC,Σ = Q̇hea,DAC,Σ + Q̇coo,DAC,Σ +
∑
iSpe

Q̇adi,DAC,in,cuc,G,iSpe
+
∑
iSpe

Q̇des,DACDes,iSpe

(D.17)

comprises various contributions, which are discussed below.

Heat sinks in the DAC unit attributed to sensible heat demands

Q̇hea,DAC,Σ = Q̇hea,DAC,P +
∑
iSpe

Q̇hea,DAC,Soa,iSpe
+
∑
iSpe

Q̇hea,DACDes,in,cocΣ,G,iSpe
(D.18)

arise from the sorbent heat demand

Q̇hea,DAC,P = ṁP,DAC · (hP,DAC (TDACDes
)− hP,DAC (TAmb)) , (D.19)

from the adsorbt heat demand

Q̇hea,DAC,Soa,iSpe
= ṁP,DAC · qeql,iSpe,Amb ·

(
hSoa,iSpe

(TDACDes
)− hSoa,iSpe

(TAmb)
)

(D.20)

and from the temperature change of species in the bed void space

Q̇hea,DACDes,in,cocΣ,G,iSpe
= ṅDAC,in,coc,G,iSpe

·
(
hG,iSpe

(TDACDes
)− hG,iSpe

(TG,coc,in)
)

+ ṅDAC,purgeAds,Des,G,iSpe
·
(
hG,iSpe

(Tpurge,DAC)− hG,iSpe
(TAmb)

)
+ ṅDAC,sliAds,Des,G,iSpe

·
(
hG,iSpe

(TDACDes
)− hG,iSpe

(TAmb)
)
.

(D.21)

Analogously, in the calculation of the heat release between the desorption and adsorp-
tion zone

Q̇coo,DAC,Σ = Q̇coo,DAC,P +
∑
iSpe

Q̇coo,DAC,Soa,iSpe
+
∑
iSpe

Q̇coo,DAC,sliCoo,Ads,G,iSpe
(D.22)

contributions from the sorbent

Q̇coo,DAC,P = ṁP,DAC · (hP,DAC (TAmb + ∆Tlos,DAC)− hP,DAC (TDACDes
)) , (D.23)
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from the species bound to the sorbent

Q̇coo,DAC,Soa,iSpe
=ṁP,DAC · qCoo,Ads,iSpe

· hSoa,iSpe
(TAmb + ∆Tlos,DAC)

−
(
ṁP,DAC · qeql,iSpe,Amb − ṅdes,DACDes,iSpe

)
· hSoa,iSpe

(TDACDes
)

(D.24)

and from species transported in the bed void space

Q̇coo,DAC,sliCoo,Ads,G,iSpe
=ṅDAC,sliCoo,Ads,G,iSpe

· hG,iSpe
(TAmb + ∆Tlos,DAC)

− ṅDAC,sliDes,Coo,G,iSpe
· hG,iSpe

(TDAC,in,cuc)
(D.25)

are taken into account. Note that in Q̇coo,DAC,Σ contributions of re-adsorption phenomena
are included via the definition of Q̇coo,DAC,Soa,iSpe

and Q̇coo,DAC,sliCoo,Ads,G,iSpe
.

An additional contribution from the species in the counter-current strip gas stream to
the energy balance

Q̇adi,DAC,in,cuc,G,iSpe
=
(
ṅDAC,in,cuc,G,iSpe

− ṅDAC,sliDes,Coo,G,iSpe

)
·
(
hG,iSpe

(TDACDes
)− hG,iSpe

(TDAC,in,cuc)
) (D.26)

needs to be taken into account, if the strip gas stream is introduced at temperatures differ-
ent from TDACDes

. Note that application of (D.26) implies that either TDACDes
=TDAC,in,cuc

hold, i.e., the strip gas stream temperature at its inlet to the desorption zone equals the
sorbent bed temperature at this position, or the counter-current strip gas stream is larger
than the strip stream.

The last contribution to (D.17) arises from the desorption of species. It reads for a
single specie

Q̇des,DACDes,iSpe
= ṅdes,DACDes,iSpe

·
(
hG,iSpe

(TDACDes
)− hSoa,iSpe

(TDACDes
)
)
. (D.27)

Q̇ext,DAC,Σ derived via (D.17) gives the overall external heat demand of the DAC unit.
For MBtA operation this heat is assumed to be required at TDACDes

, which gives a worst
case estimate with regard to the temperature level of heat supply. For MBdA operation,
the external heat supply Q̇ext,DAC,Σ might be subdivided in a contribution from heating
of the transfer medium at temperatures higher than TDACDes

and from heat transfer to
the DAC unit desorption zone required at TDACDes

. However, the temperature difference
between these two heat sinks scales with the heat losses in the solid phase ∆Tlos,DAC,
which by purpose are kept very small. Consequently, it does not seem reasonable to
differentiate between the temperature levels of heat supply between these two sinks in the
basic analysis intended.

Compression energy requirement that results from vacuum operation is not considered
in the DAC unit model, as the energy required for this operation mode is assumed to be
provided to the MVR unit. This is, the DAC unit desorption pressure set defines the gas
phase inlet pressure to the MVR unit.
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D.2.3 Model: electrolysis

In this section the assumptions made (Appendix D.2.3.1) and governing equations derived
(Appendix D.2.3.2) to describe the electrolysis unit are outlined.

D.2.3.1 Assumptions

The electrolysis model is based on the assumptions summarized below:

• Ideal gas behavior

• Isothermal operation

• Isobaric operation

• No crossover between the product gas streams at the oxygen and hydrogen outlet

• Product gas streams are saturated with water vapor

• Water saturation pressure in the gas phase is calculated based on Antoine equation
(Appendix D.1.1)

D.2.3.2 Governing equations

Mass balance The total mole flow of the components leaving the electrolysis is deter-
mined based on the assumption of a water saturated gas phase, which allows to calculate
the H2O mole share in the gas phase

yElc,out,G,H2O =
psat,H2O (TElc)

pPrc

(D.28)

based on the water saturation pressure psat,H2O. For a defined amount of hydrogen to be
produced (ṅElc,outH2

,G,H2=2 · ṅElc,outO2
,G,O2), the water mole flow at the hydrogen outlet

reads

ṅElc,outH2
,G,H2O =

ṅElc,outH2
,G,H2 · yElc,out,G,H2O

1− yElc,out,G,H2O

(D.29)

and its mole flow at the oxygen outlet becomes

ṅElc,outO2
,G,H2O =

ṅElc,outO2
,G,O2 · yElc,out,G,H2O

1− yElc,out,G,H2O

. (D.30)

These losses and the amount of water split define the overall electrolysis water demand

ṅElc,in,L,H2O = ṅElc,outH2
,G,H2 +

∑
iStr

ṅElc,outiStr
,G,H2O . (D.31)
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Energy balance The total H2-specific energy demand for water splitting

∆hrea,elc = hG,H2 + 0.5 · hG,O2 − hL,H2O =
ĖreaΣ,elc

ṅElc,outH2
,G,H2

= ereaΣ,elc,spenH2

(D.32)

is defined by the enthalpy flows that enter and leave the unit. The H2-specific electric
energy requirement

∆grea,elc = ∆hrea,elc − TElc ·∆srea,elc =
Ėreaele,elc

ṅElc,outΣ,G,H2

= ereaele,elc,spenH2

(D.33)

is given by the change in Gibbs free energy, calculation of which requires information
about the entropic contribution

∆srea,elc (TElc, pElc) =sG,H2 (TElc, p
◦)−Rid · ln

(
pElc,outH2 ,G,H2

p◦

)
+ 0.5 ·

(
sG,O2 (TElc, p

◦)−Rid · ln
(
pElc,outO2 ,G,O2

p◦

))
− sL,H2O (TElc, pElc)

=
Ėreathe,elc

ṅElc,outΣ,G,H2 · TElc

=
ereathe,elc,spenH2

TElc

.

(D.34)

Moreover, heat input is required to compensate for the additional heat demand

Q̇lv,Elc = ṅElc,outΣ,G,H2O ·∆hlv,H2O (D.35)

that results from the evaporation of water.

The cell voltage in thermodynamic equilibrium

∆UElc,eql =
∆grea,elc

2 · kFar

(D.36)

and the thermoneutral voltage

∆UElc,thn =
∆hrea,elc

2 · kFar

(D.37)

can be derived from the energy contributions determined.280 These definitions allow for
calculation of the overall electric energy supply to the electrolysis

Ėele,Elc =2 · kFar ·∆UElc · ṅElc,outΣ,G,H2

=2 · kFar ·∆UElc,eql · φ∆UElc
· ṅElc,outΣ,G,H2

(D.38)

in dependence of the factor

φ∆UElc
=

∆UElc

∆UElc,eql

(D.39)
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that defines the operation voltage of the electrolysis relative to the equilibrium cell voltage.
Based on the different energy flows defined, the overall electrolysis energy balance reads

Q̇adi,Elc = ĖreaΣ,elc + Q̇lv,Elc − Ėele,Elc , (D.40)

with Q̇adi,Elc defining the additional heat release or demand of the electrolysis unit.

D.2.4 Model: evaporator

The demand of water vapor used in the DAC unit can be provided by the evaporator
unit. This unit is operated at the same temperature and pressure levels that are adjusted
in the DAC unit desorption zone. If the water saturation pressure in this unit stays below
its operation pressure, a stream of hydrogen from the electrolysis is used to support water
evaporation. In this case, a water-saturated stream of hydrogen is assumed to leave the
evaporator unit.

As water adsorption on Lewatit is found to be a function of relative humidity, water
adsorption in the DAC unit can arise if water vapor with a partial pressure close to its
saturation pressure is contacted with the sorbent. However, the significant heat release
by water adsorption and the strong temperature dependency of relative humidity can
be assumed to counteract high levels of water adsorption at the strip gas inlet. This
suggests that realization of minor temperature differences between the DAC unit and
evaporator, allowance for temperature gradients in the DAC unit desorption zone or use of
overheated steam can be beneficial in a technical setting. However, for the sake of clarity,
none of these additional measures will be considered in the basic analysis performed.
Assumptions applied and governing equations derived are discussed in Appendix D.2.4.1
and in Appendix D.2.4.2, respectively.

D.2.4.1 Assumptions

Modeling of the evaporator unit comprises the assumptions of:

• Ideal gas behavior

• Isothermal operation at TDACDes

• Isobaric operation at pDACDes

D.2.4.2 Governing equations

The law of mass conservation in the evaporator unit reads

ṅEvp,out,G,iSpe
=
∑
iStr

ṅEvp,in,iStr,L,iSpe
+
∑
iStr

ṅEvp,in,iStr,G,iSpe
(D.41)
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and the heat duty of this unit is defined by

Q̇Evp =
∑
iSpe

ṅEvp,out,G,iSpe
· hG,iSpe

(TEvp,out,G)

−
∑
iStr

∑
iSpe

ṅEvp,in,iStr,G,iSpe
· hG,iSpe

(TEvp,in,iStr,G)

−
∑
iStr

∑
iSpe

ṅEvp,in,iStr,L,iSpe
· hL,iSpe

(TEvp,in,iStr,L) .

(D.42)

D.2.5 Model: heater and cooler

No heat losses to the ambient or phase changes are considered in the modeling of heaters
and coolers. The heat duty of these units is calculated by

Q̇Hea =
∑
iSpe

ṅHea,in,iSpe
·
(
hiSpe

(THea,out)− hiSpe
(THea,in)

)
. (D.43)

D.2.6 Model: mixing of streams

Mixing of streams is assumed to happen in an ideal, adiabatic mixing chamber. The law
of mass conservation reads∑

iStr

ṅMix,in,iStr,iSpe
=
∑
iStr

ṅMix,out,iStr,iSpe
(D.44)

and conservation of energy is ensured by∑
iStr

∑
iSpe

ṅMix,in,iStr,iSpe
·hiSpe

(TMix,in,iStr
) =

∑
iStr

∑
iSpe

ṅMix,out,iStr,iSpe
·hiSpe

(TMix,out,iStr
) . (D.45)

D.2.7 Model: multi-stage vapor recompression unit

The model of the multi-stage vapor recompression unit is outlined in Appendix C.3.3.
Condensers are operated at TDACDes

+ ∆Tpin and the compressor energy requirement is
minimized by solving (5.5).

D.2.8 Model: pump

Pressurization of the liquid phase, e.g., of the water recycled or additionally supplied
to the process, is realized by pumps. Assumptions with regard to the modeling (Ap-
pendix D.2.8.1) and governing equations (Appendix D.2.8.2) are outlined.

D.2.8.1 Assumptions

Pumps are modeled under the assumptions of
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• Constant concentration of the liquid phase c0
L (reference temperature 25 °C)

• Pump efficiency282 ηPum = 0.4

• Neglect of fluid temperature change in the pump

D.2.8.2 Governing equations

No mass losses or phase changes in the pumps are considered. The ideal compression
energy requirement is estimated by

ĖPum,ide = ṅPum,L,in ·
1

c0
L

· (pPum,L,out − pPum,L,in) (D.46)

and the real energy input required is given by

ĖPum =
ĖPum,ide

ηPum

. (D.47)

As the energy input of the pump to the liquid is very small, its temperature is assumed
to stay unchanged in the compression process.

D.2.9 Model: reactor

In this section the assumptions made in modeling of the reactor are discussed (Ap-
pendix D.2.9.1). Reaction kinetics and catalyst mass requirements are investigated in
Appendix D.2.9.2. The governing equations of the reactor model are summarized in Ap-
pendix D.2.9.3.

D.2.9.1 Assumptions

Modeling of the reactor comprises the assumptions:

• Ideal plug flow reactor

• Ideal gas phase

• Isobaric operation at pPrc

• Isothermal operation at TRea

• Heat supply and recovery at TRea

• No thermal losses
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D.2.9.2 Kinetics and catalyst mass

The gas phase composition in equilibrium state is calculated by solving

0 = Keql,p,Sab ·
(
pPrc

p◦

)2

−
y2

H2O · yCH4

yCO2 · y4
H2

, (D.48)

with the equilibrium constant

Keql,p,Sab = e
−∆g◦Sab(TRea)

Rid·TRea (D.49)

being derived from the change of Gibbs free energy in the reaction ∆g◦Sab. In the calculation
of this parameter, properties of water vapor are estimated based on Shomate equation128.

The catalyst mass required

mRea,Cat = ṅRea,in,CO2 ·
∫ XRea,out,CO2

0

1

rrea,Sab,CO2

dXRea,CO2 (D.50)

is obtained from the rate of reaction rrea,Sab,CO2 that is evaluated based on Langmuir-
Hinshelwood-Hougen-Watson (LHHW ) rate equation proposed by Koschany et al.360.

D.2.9.3 Governing equations

The mole flows of the species at the reactor outlet

ṅRea,out,iSpe
= ṅRea,in,iSpe

−
νSab,iSpe

νSab,CO2

· ṅRea,in,CO2 ·XRea,out,CO2 (D.51)

are calculated in dependence of the carbon dioxide conversion set XRea,out,CO2 in accor-
dance to the stoichiometry of Sabatier reaction (2.I). Based on this information the
reactor heat duty

Q̇Rea =
∑
iSpe

ṅRea,out,iSpe
· hiSpe

(TRea)− ṅRea,in,iSpe
· hiSpe

(TRea,in) (D.52)

can be calculated.

D.2.10 Model: throttling valve

Throttling of the gas and liquid phase is used to decrease the pressure of the fluids.
Change of the fluid temperature during throttling is not taken into account.

D.2.11 Model: water adsorber

Specifications with respect to the product gas water content are reached by water removal
via adsorption on zeolite 3A in the final stage of the downstream process. Assumptions
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applied (Appendix D.2.11.1) and governing equations derived (Appendix D.2.11.2) are
summarized in this section.

D.2.11.1 Assumptions

The cyclic adsorption process of the water adsorption unit is modeled assuming:

• Ideal gas behavior

• Use of a pseudo steady state model of the cyclic ad- and desorption process

• Neglect of pressure losses in the unit

• Adsorption pressure equals process gas pressure pPrc

• Desorption pressure equals 105 Pa

• Sorbent regeneration via hot-gas desorption

• Strip gas inlet temperature TAdsdes,in,G during desorption phase equals the desorp-
tion temperature level aspired Tdes,Adsdes

. Its outlet temperature TAdsdes,out,G =
Tads,Adsads

+ ∆Tsli,Ads is calculated based on the adsorption temperature level
Tads,Adsads

aspired, assuming a thermal slip of ∆Tsli,Ads of 10 K

• Due to the high selectivity of H2O adsorption on zeolite 3A,361 adsorption of species
other than water is neglected

• Exchange of gas phase species in the bed void space is neglected

• Thermophysical properties of zeolite 3A and of H2O adsorption on zeolite 3A, which
are summarized in Appendix D.1.2, are used in the evaluation

D.2.11.2 Governing equations

Modeling of the adsorber unit is performed similar to the procedure proposed by Bathen
and Breitbach127.

Mass balance The mass balance of the water adsorber unit is evaluated for pseudo
steady state operation. Equilibrium between the process product gas phase and regener-
ated sorbent

pAdsads,out,G,H2O = peql,Z3A,H2O (qeql,Z3A,H2O (Tdes,Adsdes
, pAdsdes,in,G,H2O) , Tads,Adsads

) (D.53)

is assumed to be reached at the water adsorber outlet during the adsorption cycle.
Based on the water partial pressure at the adorber outlet during the adsorption step

pAdsads,out,G,H2O the stream of water adsorbed

ṅads,Adsads,H2O =
yAdsads,out,G,H2O · ṅAdsads,in,G − ṅAdsads,in,G,H2O

yAdsads,out,G,H2O − 1
(D.54)
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can be determined. Mole flows of species other than water in the gas stream flowing
through the water adsorber during the adsorption cycle stay constant. With this infor-
mation and the definition of the sorbent working capacity

∆qwor,Ads,H2O =qeql,Z3A,H2O (Tads,Adsads
, pAdsads,in,G,H2O)

− qeql,Z3A,H2O (Tdes,Adsdes
, pAdsdes,in,G,H2O)

(D.55)

at hand, the mean amount of sorbent required per unit time

ṁAds,Z3A =
ṅads,Adsads,H2O

∆qwor,Ads,Z3A,H2O

(D.56)

can be calculated.

The assumption of hot-gas desorption allows to estimate the overall flow of strip gas

ṅAdsdes,in,G =
1∑

iSpe
yAdsdes,in,G,iSpe

·
(
hG,iSpe

(TAdsdes,in,G)− hG,iSpe
(Tads,Adsads

+ ∆Tsli,Ads)
)

· (ṁAds,Z3A · cp,Z3A · (Tdes,Adsdes
− Tads,Adsads

)

+ ṁAds,Z3A · qeql,Z3A,H2O (Tdes,Adsdes
, pAdsdes,in,G,H2O)

· (hZ3A,H2O (Tdes,Adsdes
)− hZ3A,H2O (Tads,Adsads

))

+ ṁAds,Z3A ·∆qwor,Ads,H2O

· (hG,H2O (Tads,Adsads
+ ∆Tsli,Ads)− hZ3A,H2O (Tads,Adsads

)))

(D.57)

required to match the heat demand of the unit. The mole flows of species other than
water do not change in the water adsorber. The stream of water at the water adsorber
outlet in the desorption cycle reads

ṅAdsdes,out,G,H2O = ṅAdsdes,in,G,H2O + ṁAds,Z3A ·∆qwor,Ads,H2O . (D.58)

Energy balance The heat demand of the water adsorber unit

Q̇Adsdes
=
∑
iSpe

ṅAdsdes,in,G,iSpe
·
(
hG,iSpe

(TAdsdes,in,G)− hG,iSpe
(Tads,Adsads

+ ∆Tsli,Ads)
)

(D.59)

is provided by the thermal energy of the strip gas used, the flow of which is defined based
on the energy balance outlined in (D.57).

Heat released by the water adsorber unit is assumed to be available at adsorption
temperature level Tads,Adsads

. Contributions from temperature change of the sorbent

Q̇senZ3A,Adsads
= ṁAds,Z3A · cp,Z3A · (Tads,Adsads

− Tdes,Adsdes
) (D.60)
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and of the adsorbt

Q̇senZ3A,H2O,Adsads
=ṁAds,Z3A · qeql,Z3A,H2O (Tdes,Adsdes

, pAdsdes,in,G,H2O)

· (hZ3A,H2O (Tads,Adsads
)− hZ3A,H2O (Tdes,Adsdes

))
(D.61)

between desorption and adsorption phase as well as from the heat of water adsorption

Q̇adsZ3A,H2O,Adsads
= ṅads,Adsads,H2O · (hZ3A,H2O (Tads,Adsads

)− hG,H2O (Tads,Adsads
)) (D.62)

are considered. No contribution of the gas flowing through the adsorber during the ad-
sorption phase is taken into account, as this enters the water adsorber at adsorption
temperature level. The assumption of low-temperature heat release by the water adsor-
ber unit gives a worst case estimate with regard to the process heat integration potential.
A more detailed analysis of the process composite curves reveals that the amount of heat
recoverable in this unit becomes negligible small compared to the other flows of heat
integrated, such that use of this heat source does not seem beneficial from neither an
economic nor from an engineering point of view.

D.3 Process operation

In this section the characteristics of process operation are outlined that comprise: opera-
tion of condensers (Appendix D.3.1), characteristics of heaters before the Sabatier reactors
(Appendix D.3.2), a discussion of the water adsorber regeneration cycle (Appendix D.3.3),
strategies for water recycle (Appendix D.3.4), a discussion with regard to additional water
supply to the process (Appendix D.3.5), outline of strategies for strip gas supply to the
DAC unit (Appendix D.3.6) and a basic insight into the numeric approach used for the
evaluation of the recycle streams (Appendix D.3.7).

D.3.1 Condensers

Condensers are treated as coolers / heaters if no condensation in these units takes place.

D.3.2 Heating of streams before the Sabatier reactors

If streams that will be fed to the Sabatier reactors are of a higher temperature than
the cooling temperature TRea of the corresponding reactor, these are cooled down to
TRea before entering this unit. If the temperature of a feed stream to a Sabatier reactor
is between TRea and TRea − ∆Tpin, its temperature is not changed. If the feed stream
temperature is below TRea −∆Tpin, the stream is heated up to TRea −∆Tpin.

D.3.3 Water adsorber regeneration cycle

The submodel of the regeneration cycle of the water adsorber unit comprises

• The desorption cycle of the water adsorber unit
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• Removal of the water desorbed by a condenser

• Temperature increase of the strip gas by a heater to the desorption temperature
level of the water adsorber unit

Methane is used as strip gas in the regeneration cycle. This allows for minimization of
product gas contamination that results from slip streams in the sorbent bed between
adsorption and desorption cycle. The modeling of this part of the process is based on the
assumptions and operation parameters outlined below:

• Ideal gas behavior

• Condenser operation at TCon = TAmb + ∆Tpin

• Single stage condensation with temperature change from Tdes,Adsdes
to TCon = TAmb+

∆Tpin

• Neglect of pressure losses

• Operation at ambient pressure

• Neglect of methane losses or of its recycle via the condensed phase, justified
by the small amount of H2O removed from the process stream, by the wa-
ter adsorber, and by the low solubility of CH4 in H2O, e.g., Henry constant128

kHen,CH4,H2O (TAmb)≤ 0.0015 · 10−5 mol kg−1 Pa−1

• Strip gas is heated to water adsorber desorption temperature Tdes,Adsdes

D.3.4 Water recycle

Recycle of water to the evaporator and electrolysis unit is considered. The two scenarios

1. TDACDes
≥TElc (Appendix D.3.4.1)

2. TDACDes
<TElc (Appendix D.3.4.2)

are differentiated with respect to the water recycle strategy, which require use of additional
equipment in the water management system (Appendix D.3.4.3). Streams are either
recycled to the evaporator or to the electrolysis unit, with additional supply of liquid
water to both units being possible. Satisfying electrolysis water demand with recycle
streams is ranged with a higher priority compared to water recycling to the evaporator
unit. If the water recycle from a stream exceeds the water demand of the corresponding
unit, this stream is split to exactly match the water requirement of the unit. Only
operation points with no excess production of water are analyzed.
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D.3.4.1 Scenario 1: TDACDes
≥ TElc

As satisfying the electrolysis water demand by recycle streams is assumed to be of a higher
priority compared to the DAC unit water requirement, first recycle of the cold streams
seems reasonable from an energy integration point of view. Thus, the order of recycle
streams reads

1. Oxygen product stream (condensation at TAmb + ∆Tpin and pPrc)

2. 3. condenser before water adsorber (TAmb + ∆Tpin and pPrc)

3. 2. condenser before water adsorber (TElc and pPrc)

4. Streams that condense at TDACDes
+∆Tpin and pPrc. Priority of this streams is defined

based on their size

5. Streams from MVR condensed at TDACDes
+ ∆Tpin and pressures lower than pPrc.

Recycle of the stream with the higher pressure is prioritized

6. Water recovered in the water adsorber regeneration cycle (condensation at TAmb +
∆Tpin and pAmb)

Prioritization of recycle streams is done with focus on low heat flows and exchange in
the process. This is represented by the aspect that streams at low temperature levels are
recycled to the electrolysis, whereas streams with a higher temperature are sent to the
evaporator unit. Only the stream of water recovered in the water adsorber does not follow
this systematic. It is of a significantly lower pressure than the other streams recycled and
does not contribute significantly to the overall energy flows in the process. Consequently,
it seems more reasonable to recycle this stream to the evaporator, especially in view of a
possible mixing of this stream with additional external water supply from the ambient to
the evaporator unit.

In the multi-stage vapor recompression unit condensation can take place at TDACDes
+

∆Tpin and pressures lower than pPrc. Prioritization of recycles of these streams is done
according to their pressure levels, with a higher priority being assigned to the stream with
higher pressure. Moreover, an additional condensation stage at TElc is realized between the
second Sabatier reactor and the downstream process. This is done based on consideration
of two scenarios:

1. Water demand of the electrolysis is not satisfied. The additional condensation stage
at TElc allows for recycle of the stream condensed at TElc and pPrc to the electrolysis
without the need for a prior change of pressure or of temperature

2. Water demand of the electrolysis is already satisfied. The recycle stream recovered
at TAmb + ∆Tpin before the water adsorber is reduced and a stream at a higher tem-
perature can be recycled to the evaporator. Definition of the temperature level of
this additional recycle stage to be TElc incorporates the advantage of a better com-
parability between the concepts, which seems beneficial with regard to the basic
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analysis intended. From a technical and economic point of view, however, selec-
tion of this condensation temperature level results into an additional optimization
problem to be addressed in subsequent studies

The recycle streams recovered from the oxygen product gas and from the product
stream that enters the water adsorber are of the same temperature and pressure. Recycle
of the former is assigned a higher priority. This is reasoned by two aspects. First, in
view of pressure losses within the process, the recycle stream of water recovered from the
oxygen product stream can be expected to be of a higher pressure. Second, presence of
oxygen can harm the sorbent used in the DAC unit (Section 3.3.2), such that limiting
oxygen transport, e.g., arising from oxygen dissolved in the water recycle stream to the
evaporator, seems reasonable.

D.3.4.2 Scenario 2: TDACDes
<TElc

Similarly to scenario 1 (Appendix D.3.4.1), satisfying the electrolysis water demand via
water recycle is assumed to be of a higher priority than water recycle to the evaporator
unit. Streams of water recovered at high temperatures are sent to the electrolysis, whereas
recycles at low temperature levels are used as feed to the evaporator unit. Again, recycle of
streams with higher pressure levels is assigned a higher priority. This leads to a systematic
of water recycle that can be summarized as follows:

1. Streams at process pressure pPrc. These are rated according to their temperature
(first priority) and their size (second priority)

2. Stream from MVR with a pressure lower than pPrc and temperature of TDACDes
+

∆Tpin. The streams are prioritized according to their pressure levels, with high
pressure being favored

3. Water recycle from the water adsorber unit regeneration cycle (condensation at
TAmb + ∆Tpin and pAmb)

D.3.4.3 Additional equipment for water recycle

Thermophysical properties of the streams recycled can be changed by pumps, heaters
and throttling valves. Use of turbines to recover the the energy stored in high-pressure
recycles is not considered in the base case analysis presented. In these units the state of the
streams is adjusted to the operation temperature and pressure of the corresponding unit.
With regard to the operation temperature this procedure gives a worst case estimate
in the pinch analysis. For example, if a stream with a temperature higher than the
evaporator unit operation temperature is recycled to this unit, only cooling down the
stream to TEvp + ∆Tpin could be considered to use the additional energy content of this
stream without being restricted by the minimum temperature difference of heat transfer
∆Tpin. For the sake of clarity and generality, these additional degrees of freedom are not
considered in the base case analysis performed.
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D.3.5 Additional water supply

Additional, external water supply to the evaporator and to the electrolysis is required if
the amount of water released in the DAC unit does not suffice to match the process water
demand. In these cases, fresh water from the ambient is pressurized and heated to the
operation pressure and temperature, respectively, of the corresponding unit.

D.3.6 Strip gas supply to the DAC unit

The choice of strip gas in the DAC unit depends on the CO2 and H2O partial pressures
at the DAC outlet in equilibrium with the sorbent, as well as on the DAC unit operation
pressure. The two scenarios

1. DAC strip gas supply via the evaporator and electrolysis (Appendix D.3.6.1)

2. DAC strip gas supply via the evaporator (Appendix D.3.6.2)

are considered.

D.3.6.1 Scenario 1: DAC strip gas supply via the evaporator and electrolysis

If the sum of CO2 and H2O partial pressures in equilibrium with the solid phase at the
solid phase inlet to the desorption zone stays below the desorption pressure level aspired
pDACDes

, presence of additional gas phase species, e.g., air from the bed void space or strip
gas other than water vapor, is required.

Selection of the operation temperature of the evaporator TEvp and of the electrolysis
TElc prescribes the composition of the streams from these two units. This defines a process
in which the three constraints

1. CO2 mole fraction in DAC product gas:
yPro,DAC,CO2 · pDACDes

= peql,CO2 (qDACDes,in,CO2 , TDACDes
)

2. H2O mole fraction in DAC product gas:
yPro,DAC,H2O · pDACDes

= peql,H2O (qDACDes,in,H2O, TDACDes
)

3. The water source characteristic of the DAC unit suffices to satisfy the overall process
water demand

are met by adjustment of the variables and operation parameters

1. Size of the stream from the electrolysis to the DAC unit

2. Size of the stream from the electrolysis to the evaporator

3. Relative working capacity of water ∆qwor,DAC,H2O,rel
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D.3.6.2 Scenario 2: DAC strip gas supply via the evaporator

If the constraints defined in scenario 1 (Appendix D.3.6.1) can only be satisfied at op-
eration pressures above the current DAC desorption pressure level, applicability of the
equilibrium adsorber model proposed becomes limited. However, if the sum of the par-
tial pressures of the gas phase species only slightly exceeds the desorption pressure level
aspired (Figure 5.3), extrapolation of the gas phase composition based on the ratio of the
partial pressures in equilibrium with the solid phase might be used as a first estimate.
This allows for a basic insight into the DAC operation characteristics without the need
for detailed modeling and kinetic information.

In this scenario, pure water vapor or mixtures of water saturated hydrogen gas flow
from the evaporator to the DAC unit, to be used as strip gas. The relative working
capacity of H2O and the flow of strip gas from the evaporator to the DAC unit are
adjusted such that

1. The CO2 : H2O mole fraction ratio in the DAC product gas yPro,DAC,CO2 : yPro,DAC,H2O

equals the ratio of partial pressures of these species in equilibrium with the sorbent
peql,CO2,qDACDes,in,CO2

: peql,H2O,qDACDes,in,H2O

2. The water source characteristic of the DAC unit suffices to satisfy the overall process
water demand

D.3.7 Numeric for recycles

Wegstein method362 is used to ensure a fast convergence of the process recycle streams in
the iterative calculation performed. The maximum relative deviation of the state variables
between two iterations

∆ΦiIte,rel,max = max
(

∆~ΦiIte,rel

)
(D.63)

is used as the convergence criterion. As an upper boundary for the maximum relative
error a value of 1 · 10−4 is selected. Components of ∆~ΦiIte,rel are defined as

∆ΦiIte,iΦ ,rel =
|ΦiIte,iΦ − ΦiIte−1,iΦ |

ΦiIte,iΦ

(D.64)

in dependence of the single state variables properties ΦiΦ reached in the steps iIte of the
iteration. If ΦiΦ becomes zero in iteration step iIte

∆ΦiIte,iΦ ,rel =
|ΦiIte,iΦ − ΦiIte−1,iΦ |

ΦiIte−1,iΦ

(D.65)

is used instead of (D.64). In case that ΦiΦ becomes zero in steps iIte and iIte − 1,

∆ΦiIte,iΦ ,rel = 0 (D.66)

is used.
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D.4 Operation parameters used in the parameter studies

In this section the operation parameters used in the reference case are outlined (Ap-
pendix D.4.1). Variations with reference to this base case are summarized for the investi-
gation of the reactor performance (Appendix D.4.2), the analysis of autothermal operation
(Appendix D.4.3), the investigation of the process water balance (Appendix D.4.4), the
determination of DAC unit operation characteristics (Appendix D.4.5) and the energy
flow analysis (Appendix D.4.6).

D.4.1 Operation parameters: reference configuration

The reference configuration of the process is visualized in Figure 6.3 and comprises the
operation parameters outlined below:

• Pinch temperature ∆Tpin = 10 K

• Process pressure pPrc = 10 · 105 Pa

• Reference CO2 mole flow of ṅPro,DAC,CO2 = 1 mol s−1 at the DAC outlet

• DAC working capacity of CO2 ∆qwor,DAC,CO2 of 0.25 mol kg−1 and thermal slip of
∆Tlos,DAC = 5 K

• DAC desorption temperature TDACDes
= 100 °C and pressure pDACDes

= 1 · 105 Pa

• No slip streams of air enter the DAC unit desorption zone: φDAC,sliAds,Des
= 0

• Readsorption and strip gas losses in the sorbent bed void space of the DAC unit
are considered

• Strip gas supply to the DAC unit according Appendix D.3.6

• The effective water source characteristic of the DAC unit is adjusted to match the
process overall water demand

• Condensers in MVR and between the reactors operate at TDACDes
+ ∆Tpin

• The electrolysis is operated at TElc = 70 °C, pElc = pPrc and ∆UElc = 1.5 ·∆Ueql,Elc

• Operation temperatures and levels of conversion reached in the reactors are defined
via the optimization problem outlined in (6.5)

• The strip gas in the water adsorber desorption cycle is heated to 150 °C

D.4.2 Operation parameters: reactor operation

Only the operation pressure pPrc is varied in the analysis of the reactor operation compared
to the reference scenario summarized in Appendix D.4.1.
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D.4.3 Operation parameters: potential for autothermal operation

In contrast to the reference configuration (Appendix D.4.1), the process pressure pPrc and
the electrolysis cell voltage ∆UElc are changed.

D.4.4 Operation parameters: process water balance

Only the operation pressure pPrc varies between this analysis and the reference scenario
outlined in Appendix D.4.1.

D.4.5 Operation parameters: DAC unit operation point

Based on the reference scenario summarized in Appendix D.4.1, additional slip streams of
air are considered in the analysis outlined in Section 6.4.3.1 by variation of φDAC,sliAds,Des

.
Moreover, the influence of changes in the process pressure pPrc, DAC desorption and
electrolysis operation temperature, TDACDes

and TElc, respectively, on process performance
is investigated in Section 6.4.3.2, with other operation parameters being kept at reference
configuration (Appendix D.4.1).

D.4.6 Operation parameters: energy flow analysis

Process pressure pPrc, DAC desorption temperature TDACDes
and electrolysis operation

temperature TElc are adjusted as outlined, whereas all other parameters stay at reference
configuration (Appendix D.4.1).
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[344] Die neue Quintix®. Komfortabel Wägen; Sartorius Lab Instruments GmbH & Co.
KG: Göttingen, Germany, 2014.

[345] JUMO MIDAS C08; JUMO GmbH & Co. KG: Fulda, Germany, 2020.
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Date of birth September 23, 1990

Place of birth Castrop-Rauxel, Germany

Nationality German

ORCID 0000-0003-2642-3303

Professional occupation

since 03/2017 Graduate research assistant, Chair of Chemical Reaction
Engineering, TU Dortmund University, Germany

08/2018 – 11/2018 Visiting researcher, Department of Chemical
Engineering, Laval University, Québec, Canada

04/2014 – 01/2016 Student research assistant, Chair of Chemical Reaction
Engineering, TU Dortmund University, Germany

University education

11/2016 Academic degree: Master of Science (M.Sc.) in
Chemical Engineering

04/2015 – 11/2016 Chemical Engineering (master studies),
TU Dortmund University, Germany

03/2015 Academic degree: Bachelor of Science (B.Sc.) in
Chemical Engineering

10/2011 – 03/2015 Chemical Engineering (bachelor studies),
TU Dortmund University, Germany

School education

06/2010 Abitur (University-entrance Diploma),
Heinrich-Heine-Gymnasium, Dortmund, Germany

253




	List of tables
	List of figures
	Notation
	Abbreviations
	Chemical species
	Variables and parameters
	Indices
	Dimensionless numbers

	Introduction
	Motivation
	Global warming and greenhouse gases
	International responses to global warming
	Scientific contributions to efforts against global warming

	Negative emission technologies
	Scope of the research conducted

	Basic considerations of DAC
	State of the art
	Intrinsic constraints of DAC
	Thermodynamic minimum energy demand
	Pressurizing the air
	Thermal energy demand
	Ab- and adsorption concepts in DAC applications

	Approaches to heat integrated DAC concepts
	The minimum degree of heat integration within the DAC unit
	Approaches to increase the efficiency of thermal integration

	Summary and conclusion

	Characterization of the sorbent
	State of the art
	Sorbents for DAC
	Adsorption mechanism of CO2 and H2O on SAS
	Lewatit VP OC 1065

	Adsorption properties of the sorbent
	Materials and methods
	Adsorption properties under dry conditions
	Adsorption properties under humid conditions

	Additional properties of the sorbent
	Mechanical, thermophysical and chemical properties
	Thermal stability

	Summary and conclusion

	Approaches to intensified heat integrated DAC units
	State of the art
	Conceptual design
	General considerations
	Moving belt adsorber: conceptual design
	Moving bed adsorber: conceptual design

	Feasibility study and constraints
	Sorbent movement and gas sealing
	Heat and mass transfer
	Large-scale realization

	In-depth simulation
	Simulation results TCSA – MBtA
	Simulation results TVCSA – MBdA

	Experimental investigation of transport phenomena
	Cost estimation and net negative emission
	Summary and conclusion

	Handling water co-adsorption
	State of the art
	Quantifying the influence of water co-adsorption
	Energy penalty of water co-adsorption
	Water desorption on unit operation level

	Counteracting the influence of water co-adsorption
	General considerations
	Post-desorption recovery
	Concept to counteract the influence of water co-adsorption

	Summary and conclusion

	Intensified mass and energy integrated DAC-PtG process
	State of the art
	Methanation of CO2
	Process design and key process units
	Basic considerations
	Detailed investigation of electrolysis operation
	Detailed investigation of reactor operation

	Process performance
	Potential for autothermal operation
	Process water balance
	Influence of DAC operation point on process performance
	Energy flow analysis
	Economics and ecological impact

	Summary and conclusion

	Conclusions and implications for future research
	Conclusions
	Implications for future research

	Appendix: Characterization of the sorbent
	State of the art: liquid sorbents
	Applicability of BTC and TGA: ranges of validity
	BTC experiments
	Material and experimental design
	Sorbent loading
	Pressure levels
	Temperature levels
	Relative humidity levels
	Kinetic parameters
	Error estimation

	TGA experiments
	Material and methods
	Sorbent mass
	Sorbent loading
	Pressure levels
	Temperature levels
	Kinetic parameters
	Error estimation

	Isotherm data fitting
	Additional properties of the sorbent
	Density and void fraction
	Flowability of the sorbent


	Appendix: Approaches to intensified heat integrated DAC units
	Energy demand and economics of DAC
	Feasibility study
	Sorbent movement and gas sealing
	Heat and mass transfer
	Large scale realization

	MBtA
	MBtA: thermophysical and adsorption properties
	MBtA: model
	MBtA: numeric
	MBtA: parameter set

	MBdA
	MBdA: thermophysical and adsorption properties
	MBdA: model
	MBdA: numeric
	MBdA: parameter set

	Experimental investigation of transport phenomena
	Experimental setting
	Adsorber design
	Experimental procedure and data evaluation

	Cost estimation
	Equipment-related costs
	Sorbent-related costs
	Energy-related costs and carbon footprint
	Additional component-related costs
	Zone length-specific contributions to CO2-specific capture costs


	Appendix: Handling water co-adsorption
	Thermophysical properties
	Equilibrium adsorber model
	Integrated DAC–MVR operation
	DAC unit operation
	Heat transfer between DAC and MVR
	Mechanical vapor recompression MVR
	Characteristic energy flows


	Appendix: Intensified heat and mass integrated DAC-PtG process
	Thermophysical properties
	Species in the liquid and gas/vapor phase
	Zeolite 3A and water adsorption on zeolite 3A
	Lewatit and adsorption of species on Lewatit

	Models of the main equipment
	Model: condenser
	Model: direct air capture unit
	Model: electrolysis
	Model: evaporator
	Model: heater and cooler
	Model: mixing of streams
	Model: multi-stage vapor recompression unit
	Model: pump
	Model: reactor
	Model: throttling valve
	Model: water adsorber

	Process operation
	Condensers
	Heating of streams before the Sabatier reactors
	Water adsorber regeneration cycle
	Water recycle
	Additional water supply
	Strip gas supply to the DAC unit
	Numeric for recycles

	Operation parameters used in the parameter studies
	Operation parameters: reference configuration
	Operation parameters: reactor operation
	Operation parameters: potential for autothermal operation
	Operation parameters: process water balance
	Operation parameters: DAC unit operation point
	Operation parameters: energy flow analysis


	References
	Student support
	Additional support
	Curriculum vitae

