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Abstract
The unprecedented rise in CO2 concentration in the atmosphere, and the accompanying rise in global
temperature, has created the need for the development of environmentally friendly sources of energy.
A very promising line of research focuses in the development of Carbon Capture and Utilisation (CCU)
technologies; through which carbon-neutral liquid fuels could be synthesized. A great example of such
technologies can be found in Zero Emission Fuels (ZEF), a dutch start-up currently developing a micro-
plant capable of producing methanol from solar energy and ambient air. ZEF’s process involves the
capture of CO2 and H2O directly from ambient air, the splitting of the captured H2O into its constituent
elements through electrolysis, and the synthesis of methanol from H2 and CO2. The entire process is
powered by solar energy, which makes ZEF’s methanol a carbon-neutral liquid fuel.

This thesis focuses in the capture of CO2 and H2O from ambient air, a process known as Direct Air
Capture (DAC). ZEF’s DAC unit differs from industry standards by using a novel continuous chemical
absorption process through the flow of an amine based sorbent between its absorption and regeneration
systems, instead of using a conventional batch process through a supported sorbent. The work of
this thesis pertains the build and experimental characterization of ZEF’s first full scale DAC prototype,
referred to as the 10X DAC prototype.

The built prototype, a fully functional DAC unit working in a continuous process, was experimentally
characterized in terms of its performance and energy efficiency for the environmental conditions of the
Dutch summer (i.e. hot and wet conditions). The absorption process was found to be limited by the
capture of CO2 when compared to the H2O capture process, and to be liquid side limited; which aligned
with literature sources where CO2 capture is defined as diffusion limited in the liquid side. Overall, the
10X DAC absorption column has the capacity of capturing 0.52 kgCO2/m3·hr; which is higher than
the reported capture capacity of a very well established company like Carbon Engineering. In the
regeneration process, residence times in the stripper column as low as six minutes were enough for
the sorbent to reach vapour liquid equilibrium (VLE) loadings for a regeneration temperature of 120◦C.
The overall 10X DAC process is capable of producing 0.21 kgCO2/hr with an energy demand of up to
33MJ/kgCO2; which is up to 6 times higher than the reported most energy efficient DAC unit in industry.
Furthermore, the H2O:CO2 product ratio was found to vary significantly, with a dependence to absolute
humidity in the environment.

Through the experimental results of the characterization process, a chemical absorption model was
developed which, assuming a liquid side diffusion limited process, considers the effects of the selected
sorbent’s characteristics and the environmental conditions in the absorption process. Through this
model, and the use of previous developed regeneration models, a DAC cycle is presented through
which the effects of varying dynamic conditions (i.e. absolute humidity and ambient air temperature)
were determined. Overall, it was noticed that the performance of the absorption process was negatively
affected by higher temperatures, while the regeneration process remained unaffected by temperature
changes. Absolute humidity variations affected the H2O loading of the sorbent, which then affected the
performance of the regeneration process; lower H2O loadings in the rich sorbent translated to higher
CO2 lean loadings after regeneration. Furthermore, it was determined that the current sorbent in ZEF’s
process favors cold and humid environments.

Finally, through the learnings and findings from both experiments and the developed absorption
model, an optimized 10X DAC design is presented which focuses in meeting the CO2 production and
energy demand requirements established by ZEF for its process.
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1
Introduction

Humanity is facing what may be its biggest challenge ever: climate change. This is a problem that
affects every single person regardless of race, gender, social status or nationality; so it is a problem
we must all solve together. Since the industrial revolution, human activities have created an increase
in atmospheric concentration of greenhouse gases, out of which the most worrying increase is the
one of carbon dioxide (CO2). This gas, which is the main driver of climate change, has increased
from 280ppm in pre industrial times to 419ppm in 2022 [21]. This unprecedented increase in CO2

atmospheric concentration has caused a mean global surface temperature increase of roughly 1◦C
[41]. It is clear then that something must be done if severe consequences to our planet are to be
avoided, and that’s the main motivation of this thesis, to contribute in our fight against climate change.

1.1. Global Warming: our negligence
There is no doubt at all that human activities are the responsible for the raise in temperature in our atmo-
sphere, land and oceans [33]. The concentration of CO2 in the atmosphere has never been as high as it
is today in the last 2 million years. Since 1750, the increase in CO2 concentration far exceeds the natu-
ral multi-millennial changes between glacial and interglacial periods over at least the past 800,000 year
[33]. It, of course, is no crazy coincidence that this sudden change in CO2 atmospheric concentration
aligns with the beginning of the industrial revolution [62].

Figure 1.1: CO2 atmospheric level through history (reconstruction from ice cores) [42]
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These levels in atmospheric CO2 concentration, along with other greenhouse gases, have caused
an increase in the average temperature of our planet which is unprecedented in the last 2,000 years.
The consequences of this increase in temperature are both many and severe: hot extremes (including
heatwaves) have become more frequent and more intense across most land regions, the frequency
and intensity of heavy precipitation events have increased since the 1950s over most land area, an-
nual average Arctic sea ice area reached its lowest level since at least 1850 , global mean sea level
increased by 0.20m [0.15 to 0.25] between 1901 and 2018, amongst many others [33].

The reality is that the consequences of our negligence are both undeniable and unavoidable. Sev-
eral scenarios have been developed to understand what will happen in the future for different trends in
global emissions: scenarios with high and very high GHG emissions (SSP3-7.0 and SSP5-8.5), scenar-
ios with intermediate GHG emissions (SSP2-4.5), and scenarios with very low and low GHG emissions
and CO2 emissions declining to net zero around or after 2050, followed by varying levels of net nega-
tive CO2 emissions23 (SSP1-1.9 and SSP1-2.6) [33]. Even in the most optimistic scenarios (SSP1-2.6
and SSP1-1.9) the planet would still suffer an increase in global surface temperature; which means we
are committed to some level of climate change no matter what.

Figure 1.2: Change in global surface temperature in 2081–2100 relative to 1850–1900 [33]

1.2. Avoiding Catastrophe
If the worst scenarios, and consequences, are to be avoided we need to act now. In 2015, the Paris
Agreement was signed with the goal of ”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”
[65]. In 2020, this agreement was revisited during COP26 in Glasgow. It was recognized that the
commitments acquired in the Paris Agreement put the world in the path of a temperature increase of
2.7◦- 3.7◦C [12]. However, it was also recognized that the hope for limiting the temperature increase
to 1.5◦was still alive; so new pledges were made in order to reach this goal.
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Figure 1.3: Potential temperature increase [12]

According to the 2020 Emission Gap Report [66], the projected global greenhouse emissions under
the implementation on nationally determined contributions (NDCs) are way above the allowable emis-
sions required to meet the limits of 2◦C. In fact, current policies trends will result in an emission gap of
15 GtCO2.

Clearly, what we are doing is not enough, and new measures need to be implemented. In this
regard, the implementation of Carbon Capture Storage and Utilisation (CCSU) technologies is one of
the best options we have to reach the Paris Agreement’s goals. According to the Intergovernmental
Panel on Climate Change (IPCC), carbon capture technologies are necessary to achieve the acquired
targets in limiting global warming at the lowest cost [17].

1.2.1. CO2 conversion to fuels and chemicals
One very promising pathway to follow in the fight against climate change is the production of e-fuels from
renewable energies [66]. One such potential e-fuel is methanol, which can be produced through syngas
(a mixture of CO2 and H2) synthesis. If the required CO2 is captured directly from the atmosphere, and
the required H2 is produced via electrolysis powered by renewable energy, methanol production has the
potential of being a net zero process and thus aid in a transition away from fossil fuels. Green Methanol
could be directly implemented in the shipping industry, which is projected to consume between 60-220%
of allowable CO2 emissions with the current policies [66].

1.3. Zero Emission Fuels
Zero Emission Fuels B.V. (ZEF) is a dutch start-up currently developing a micro-plant capable of pro-
ducing net zero methanol using energy from the sun and raw materials obtained directly from ambient
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air. ZEF has successfully proven the concept of each of its subsystems in small scale prototypes, and
is moving towards the design, build, and characterization of their full scale system.

1.3.1. ZEF’s process
The ZEF process can be divided into six subsystems: Direct Air Capture (DAC), Fluid Machinery (FM),
Alkaline Electrolysis Cell (AEC), Methanol Synthesis Reactor (MSR), Distillation (DS) and Photovoltaic
Energy (PV). The DAC system is in charge of capturing both CO2 and H2O directly from ambient air.
This process is divided in two parts: absorption and desorption. In the absorption step, ambient air is
directed towards the absorption column, where it is brought into contact counter-currently with a flowing
sorbent, and the present CO2 and H2O are captured through chemical and physical mechanisms. The
loaded sorbent is then taken into the desorption column, where the captured CO2 and H2O are released
through a temperature swing process. The lean sorbent is then recirculated back to the absorption
column, while the released CO2 and H2O are sent to the FM and AEC systems respectively.

Figure 1.4: ZEF’s microplant overview

The CO2 stream leaving the DAC system is first dried and then compressed to 50 bar by the FM
system. The H2O stream is taken to the AEC system, where it undergoes electrolysis at 50 bar and is
split into H2 and O2. H2 and CO2 are taken to the MSR system, where methanol synthesis takes place
through the following reaction:

CO2 + 3H2 ←→ CH3OH+ H2O (1.1)
Finally, the product stream is taken to the DS system, where the methanol and water are separated

to give a final methanol product stream that is 99.8% pure.

1.4. Thesis’ focus
The focus of this thesis lies around ZEF’s DAC system. In the past years, ZEF has done great advance-
ments in their DAC process, developing both incredible knowledge as well as small scale working pro-
totypes. Through these prototypes, ZEF has been able to proof their DAC concept, and characterize
it. ZEF’s DAC process consists of a continuous absorption/desorption cycle, using an liquid aqueous
amine based sorbent that is distributed in the absorption column in an extremely innovative manner;
which successfully overcomes the many challenges faced in industry when trying to use this type of
sorbent.

Now, ZEF has embarked in the challenge of designing, building, and characterizing a full scale
prototype of its DAC system, which has been named the 10X DAC Prototype. That’s where the work
developed in this thesis comes into play, which can be divided in the following parts:

1. Design & Build: the design of the 10X DAC system, based in the knowledge developed by previ-
ous teams, will be explained. Said design will then be assembled and commissioned.

2. Experimental Characterization and Validation: through experiments, the 10X DAC system will be
characterized regarding several performance indicators. The experimental results will be used to
validate ZEF’s existing models, and optimise them in case of any deviations.

3. Design Optimization: through the experimental findings, an optimized design of ZEF 10X DAC
system will be proposed to better fulfill ZEF’s requirements.
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1.5. Thesis’ Scope
The main goal of this thesis is the experimental characterization of the 10X DAC System. The design of
said system has been performed by previous ZEF’s teams, so this thesis will limit to explain the design
decisions and give some insights into the reasons behind them. The build process is also a major part
of this thesis. The characterization process can be divided in four main categories:

• Performance.
• Efficiency.
• Lifetime.
• Cost.

This thesis will neither cover the lifetime category of the characterization process nor the cost cate-
gory. The results of the characterization experiments will be used to develop an experimental model of
the absorption process. The rest of the DAC process models will be from previous work done at ZEF,
and the results of this thesis will be used to validate them/draw conclusions. An overview of this thesis
is presented in figure 1.5.

Figure 1.5: Thesis’ Overview



2
Literature Review

In this chapter an overview of the background knowledge available for the development of this thesis
is presented. It begins with a general explanation of what Direct Air Capture is, and how it is achieved
through chemical absorption using amine based sorbents. Then, the characterization process of DAC
systems is presented, what parameters are of relevance, how are they affected, and design decisions
that might affect the overall performance. Finally, a journey through ZEF’s DAC system is presented;
from its beginnings to where the DAC system stands at the beginning of this project. Some data
regarding current state of industry DAC systems is also given in the characterization section.

2.1. Direct Air Capture
Direct Air Capture (DAC) can be broadly defined as the direct extraction of CO2 from ambient air. [5]
This novel technology has many advantages, out of which some of the most relevant are the following
[25]:

• Addresses emissions from distributed sources (transport sector, agriculture, etc) as well as point
sources.

• Location independent process as the CO2 source is almost globally uniform.
• Process does not deal with the contaminants that are present in flue gas streams of point sources.
• Any type of energy, potentially renewable as well, can be used to power the process.

However, DAC has the challenge of dealing with very low concentrations of CO2 (≈400ppm). Be-
cause of this, large heats of reaction with CO2 are required if high capture capacities are desired; this
of course comes with the cost of large energy requirements for the regeneration process. The low
concentration of CO2 in DAC processes makes chemical sorption to be preferred over other capture
routes due to its much more favorable equilibrium relationship [16]. The focus of this thesis is in amines
based chemical absorption systems, so this technology will be further discussed.

2.1.1. Amines based CO2 capture
Carbon dioxide capture through chemical absorption is based on the exothermic reaction of a sorbent
with CO2, which is then reversed in a regeneration process at high temperatures[48]. A typical chemical
absorption system consists of two main parts: the absorber column and the stripper column. Ambient
air enters the absorber column and contacts counter-currently the CO2 lean sorbent; moment at which
the CO2 capture takes place. Then, the rich sorbent is taken to the stripper column where thermal
regeneration is carried, and the now lean sorbent is send back to the absorber column to repeat the
process.

CONFIDENTIAL 6
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Figure 2.1: Chemical Absorption Process

Absorber Column
The absorber column is where chemical absorption takes place. In this column, an aqueous amine
solution is flown downwards and brought into contact with ambient air in a counter-current manner.
Amines are organic compounds derived from ammonia in which one or more of the hydrogen atoms
are replaced by an organic substituent. Depending on how many hydrogen atoms are replaced, these
compounds are classified as either: primary (one H2 atom replaced), secondary (two H2 atoms re-
placed) or tertiary (all H2 atoms replaced)[48].

The absorption process can be divided into four steps: diffusion of CO2 from the bulk of the gas to
the gas-liquid interface, dissolution of CO2 into the liquid film, diffusion of CO2 in the thin film region and
the chemical reaction of CO2 with the amine’s active group, and the diffusion of the reaction’s products
into the bulk of the liquid[73]. From the described process, it can be seen that the absorption of CO2

through aqueous amine solution combines both physical and chemical processes.

Figure 2.2: Chemical Absorption Steps

The physics of absorption can be described through the two-film theory, which assumes a phase
equilibrium in the two fluids at the interface; meaning that the resistance to mass transfer is encountered
in the two films regions and that there is no additional inter-facial resistance[52][47].
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Figure 2.3: Concentration gradient for two-film theory (a) film theory (b) more realistic gradients

The diffusion of CO2 from the bulk of the gas phase to the Gas film - Liquid film interface is described
through Fick’s first law of diffusion: [73]

JCO2 = −DCO2 ·
dCCO2

dz
(2.1)

where J is molar flux (mol m−2 s−1), D is the diffusion coefficient (m2 s−1), and c is the concentration
(mol m−3).

The dissolution of CO2 from the Gas-film to the Liquid-film can be described using Henry’s Law;
which is applicable in our case due to the phase equilibrium assumed:

CCO2 = HCO2 · pCO2 (2.2)

where p is the gas partial pressure under equilibrium conditions (Pa), H is Henry’s constant (mol
m−3 Pa−1), and C is concentration (mol m−3).

Furthermore, the diffusion of CO2 and the products formed can also be described by Fick’s law.
However, it is important to mention that the determination of the diffusion coefficient in the aqueous
amine solution is complex due to its reactivity, and it is usually determined through the modified Stokes-
Einstein equation[53]:

DCO2−Amine · µ0.8
Amine = DCO2−H2O · µ0.8

H2O (2.3)

where DCO2-Amine is the diffusion coefficient of CO2 in the amine (m2 s−1), µAmine is the amine’s
dynamic viscosity (Pa·s), D CO2-H2O is the diffusion coefficient of CO2 in water (m2 s−1), and µH2O is
water’s dynamic viscosity (Pa·s).

Equation 2.3 can also be applied to find the diffusion coefficient of the products formed.
The chemistry of absorption is all about the reactions occurring between primary, secondary and

tertiary amines and the dissolved/diffused CO2. Primary and Secondary amines react with CO2 to form
carbamates through a series of steps[13][15]. First, a zwitterion is formed as follows:

NH

R

R

+ C

O

O

⇌ N+

R

R H

C

O−

O

(2.4)
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Then the formed zwitterion further reacts with another amine molecule by transferring a proton and
thus forming the carbamate:

NH

R

R

+ N+

R

R H

C

O−

O

⇌ NH

R

R

H+ + N

R

R

C

O−

O

(2.5)

At high pressure, the carbamate could be further hydrolysed to form a free amine and a bicarba-
mate[15]; however, in DAC processes such pressures are not used. From the above reactions, it can
be seen that the maximum theoretical CO2 loading is 0.5 mole per mole of amine. For tertiary amines,
it is a single reaction in which bicarbonates are formed:

NR

R

R

+ C

O

O

+ O

H H

⇌ NR

R

R

H+ + C

O−

O O

H (2.6)

Clearly, the theoretical CO2 loading maximum is one mole of CO2 per mole of tertiary amine. How-
ever, tertiary amines have lower reactivity than primary and secondary amines. [15]

Stripper Column
In the stripper column, desorption, or regeneration, takes place. This is an endothermic process, so
heat must be supplied in order to reverse the carbamate, or bicarbonate in case of tertiary amines,
reaction. The two-film theory can also be used to explain the mass transfer process in regeneration:
carbamates are converted back into CO2. Then, H2O and CO2 molecules diffuse from the bulk of the
liquid into the gas-liquid interface. Finally, once sufficient energy is supplied, H2O moves into vapor
phase along with the CO2 molecules.

The rich sorbent enters the stripper column at the top stage, it flows downwards over a series of
trays or packing material, where it comes in contact with the desorbed solute which is flowing upwards.
The energy required to desorb the solute is supplied by a reboiler at the bottom of the column. A
temperature gradient is established in the column due to the contact between gas and liquid streams;
being the coldest part the top stage of the column. Each stage is considered to be at equilibrium, which
allows to quantify the composition of both streams theoretically and determine the required amount of
equilibrium stages through, for example, the Kremser-equation[16]. At the top of the column, a vapor
product, known as the top product, is obtained which is circulated towards a condenser. Some of the
condensed top product is cycled back to the column. The amount of liquid that is fed back to the column
over the amount of liquid that is taken from the column is known as the reflux ratio (equation 2.7). Total
desorption is never achieved, which means that some solute leaves the column along with the lean
sorbent, which is called the bottom product. Some of this bottom product is evaporated and fed back
to the column. The amount of vapor that is fed back over the amount of lean sorbent taken from the
column is known as the boilup ratio (equation 2.8).

R =
L

D
(2.7)

where R is the reflux ratio, L is the mass flow rate of liquid fed back to the column (m3 s−1), and D
is the distillate mass flow rate (m3 s−1).

VB =
V

B
(2.8)

where VB is the boil-up ratio, V is the mass flow rate of the vapor fed back to the column (m3 s−1),
and B is the mass flow rate of the bottom product (m3 s−1).
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Figure 2.4: Stripper Schematics [68]

Stripping is mainly conducted in trayed towers and packed columns, while other technologies like
spray towers, bubble columns, and centrifugal contactors are less used[52]. In packed columns, a large
gas-liquid interface is achieved by introducing various packings into the column. Trayed columns make
use of plates to create the contact interface, the liquid flows in the plates horizontally until it reaches
a weir and flows downward through a downcomer from plate to plate. The gas flows upwards through
perforations in the plates[16].

In the stripper column is where the vast majority of energy demand of the process is encountered.
This energy demand can be divided as follows: Sensible heat, heat of absorption (or desorption), heat
of vaporisation, and heat losses.

• Sensible heat: defined as the amount of thermal energy required to raise the temperature of the
incoming feed to the desorption temperature[6]. This energy demand can be significantly reduced
by using a heat exchanger to transfer heat between the hot lean sorbent leaving the bottom of
the column and the colder rich sorbent entering the column[52].

Qs = ṁCp(Tdesorption − Tfeed) (2.9)

where Qs is the sensible heat (W), ṁ is the mass flow rate of the stream (m3 s−1), Cp is the
specific heat capacity of the stream (J kg−1 K−1), and T is the temperature of desorption and of
the incoming feed stream respectively (K).

• Heat of Absorption (desorption): the amount of thermal energy required to reverse the carbamate
and bicarbonate formation reactions. The heat of desorption is a function of CO2 loading, tem-
perature and the type of product formed. Furthermore, primary carbamates are the hardest to
regenerate, followed by secondary carbamates and bicarbontates due to a decrease in enthalpy
of regeneration and bond strength[37][24][2].

• Heat of Vaporisation: the amount of thermal energy required to trigger a phase change in water
from liquid to vapor. Sinha et al [57] determined experimentally that the heat of vaporisation for
mixtures is higher in average than for pure water; which is explained by the extra energy required
to break hydrogen bonds between water and the amine.

• Heat losses: the amount of thermal energy lost to the environment and that is a product of both
the dimensions of the column and the material used for isulation.
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2.2. Characterization of DAC Systems
The characterization of Direct Air Capture systems can be defined in four main categories: performance,
efficiency, lifetime and cost. For each category, standard indicators haven been established to compare
different DAC technologies. ZEF has also established other performance indicators for their process in
order to evaluate where they stand regarding the evolution of their system. In the coming subsections,
each category will be presented alongside its different key performance indicators. Because of the
scope of this thesis, neither the lifetime nor cost categories will be covered. However, some information
on the lifetime will be given as it is such an important aspect of the direct air capture process.

Figure 2.5: Characterization categories and indicators

2.2.1. Performance
As it can be seen in figure 2.5, the performance of a DAC system is measured in three main indicators:
Absorber Capacity, Product Purity, and H2O:CO2 ratio. The first two indicators are common in industry
and serve as a basis to compare different DAC processes[10]. The H2O:CO2 ratio is an indicator of
interest for ZEF because of requirements from the Methanol Synthesis reactor.
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Absorber Capacity
The Absorber Capacity indicator provides information on the CO2 capture capacity of the DAC pro-
cess. There are two common ways of evaluating absorber capacity: total annual capture capacity
(tonCO2/annum) and volumetric capture rate (kgCO2/m

3hr). The annual capture capacity tells how
much CO2 a DAC process is capable of removing from ambient air in a single year. However, due
to the different approaches to DAC and the differences between each process, relying only in annual
capture capacity can be misleading.

Figure 2.6: Annual capture capacity of different companies [7] [45]

Brilman [10], based only in the concentration of CO2 in ambient air, showed that for a DAC plant to
capture 1 Mton per annum of CO2, at least 46,000 m3 per second of air must be handled (assuming
complete removal of CO2); which means the time air spends in the DAC unit should be small. Because
of this, Brilman [10] proposes the volumetric CO2 capture rate as a good performance indicator for
comparisons. The lower this indicator is, the more air must be treated which makes the process more
challenging and more energy intensive.

Figure 2.7: Volumetric capture capacity of different process [10]



2.2. Characterization of DAC Systems CONFIDENTIAL 13

The volumetric capture capacity also gives insights into the required installation size to reach certain
CO2 capture requirements. For example, based on figures 2.6 and 2.7, if Carbon Engineering wanted
to reach the same annual capture capacity with their process as Climeworks, their installation would
require at least 1142 m3, while Climeworks’ process requires 538 m3.

H2O:CO2 Ratio
The H2O:CO2 Ratio performance indicator is a very important parameter in case the DAC process
is used in carbon capture and utilisation technologies. If that’s the case, the water and CO2 product
streams become raw materials for other processes, and their production ratio is of great interest.

In ZEF’s process, the water product stream is taken to the electrolysis cell to produce hydrogen,
while the CO2 stream is pressurized and send directly to the methanol synthesis reactor. In the
methanol reactor, both H2 and CO2 react to form methanol and water. As it can be seen in equa-
tion 2.10, the required molar ratios of the reaction are 3 H2 molecules and 1 CO2 molecule [46]; so, the
product ratio of the DAC process must match this ratio.

CO2 + 3H2 ⇄ CH3OH+ H2O (2.10)

2.2.2. Efficiency
The efficiency of a DAC system is measured in one main parameters: the energy requirement of the
process. The energy requirement of the process not only measures the efficiency of the process, but
also provides insights into the operational costs of the process.

Energy Requirement
The Energy Requirement indicator provides information on the required energy input into the system for
the process to capture certain amount of CO2, and is usually measured in two units: GJ/tCO2 and/or
kJ/molCO2. The more energy required to absorb CO2, the less efficient the process is.

The energy requirement of DAC process can be divided as follows: Air-Sorbent contacting energy
(absorber column), sensible heat (stripper column), heat of desorption (stripper column), heat of evap-
oration (stripper column), and other energy requirements for components such as pumps, sensors,
valves, etc. Out of all these energy costs, the sorbent regeneration (sensible heat, heat of desorption,
heat of evaporation) is the most energy demanding process [17][77][34].

• Air-Sorbent Contacting Energy

This is the energy required in the absorber column to bring the air and the sorbent into contact and
thus allow for the capture of CO2. In ZEF’s process this can be divided into two major components:
energy required for the distribution of the sorbent (pumping system), and the energy required for the
circulation of ambient air (fans’ energy requirement).

The power requirements of both the pumping system and the fans can be obtained by first deter-
mining the pressure drop in the system, and by knowing the volumetric flow rate of the sorbent for the
pumping system, and of the air for the fans.

P = V̇ ·∆P (2.11)

where P is the power (W), V̇ is the volumetric flow rate (m3 s−1), and ∆P is the pressure drop (Pa).

• Sorbent Regeneration Energy

This is the energy required to release the captured CO2 from the saturated sorbent so it can be
used again in the absorber column. As explained in section 2.1 (Stripper column), the regeneration
energy can be further divided into the following: sensible energy (equation 2.12), energy of desorption
(equation 2.13) and energy of evaporation (equation 2.14).

Qsensible = ṁ · Cp · (Tdesorption − Tfeed) (2.12)

where Qsensible is the sensible heat requirement (W), ṁ is the mass flow rate of the rich sorbent (kg
s−1), Cp is the specific heat capacity of the stream (J kg−1 K−1), and T is the temperature of desorption
and of the incoming feed stream respectively (K).
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Qdesorption = ṁ ·∆HCO2 (2.13)

where Qdesorption is the heat of desorption requirement (W), ṁ is the mass flow rate of CO2 that’s
released (mol s−1), and ∆HCO2 is the heat of reaction of CO2 with the amines (J mol−1).

Eevaporation = ṁ ·∆HH2O (2.14)

where Qevaporation is the heat of evaporation requirement (W), ṁ is the mass flow rate of H2O that
is evaporated (mol s−1), and ∆HH2O is the latent heat of water (J mol−1).

Brilman et al [10], through a bit different division of the different energy requirements of a DAC
process, quantified the energy demand of an hypothetical DAC system:

Figure 2.8: Cost distribution for energy costs for a hypothetical amine sorbent process [10]

As can be seen in figure 2.8, the energy cost for the sorbent regeneration is by far the largest in the
process with an approximate energy demand of 70% of the total energy requirement.

2.2.3. Lifetime
Although the lifetime characteristics of the sorbent will not be covered in this thesis, it is worth keeping
in mind how the performance of the sorbent is affected by degradation. As it can be seen in figure 2.5,
the lifetime of the sorbent is mainly affected by three things: oxidative degradation, thermal degradation
and evaporation losses [70][17][28]. Sorbent degradation affects the performance of the DAC process;
so, it is important to maintain a minimum quality [5].

The first two types of degradation mechanisms act via irreversible chemical reactions of O2 (ox-
idative) and CO2 (thermal) with the amine active sites at high temperatures, effectively reducing the
sorbent capture capacity. Evaporation losses occur also at high temperatures and are related to the
vapor pressure of the sorbent; this type of losses not only have a cost penalty as more sorbent needs
to be added, but also have a negative environmental impact [59].

Oxidative Degradation
Oxidative degradation of amines may be explained through two radical mechanisms: electron transfer
or hydrogen abstraction [30]; and it is measured by the amount of degradation products emitted/formed,
or the amount of amine lost. In an experimental study with MEA, Leonard et al [28] investigated the
effects of O2 concentrations and the effects of temperature in oxidative degradation:
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Figure 2.9: Oxidative degradation: Temperature effect in: MEA losses (left), the formation of degradation products in liquid
(right) [28]

Since O2 concentrations are somewhat constant in ambient air, the most interesting effect in ox-
idative degradation is the one of temperature (figure 2.9). As can be seen, oxidative degradation are
triggered at higher temperatures, hinting that it occurs the most at the stripping section of the DAC
process.

Thermal Degradation
Thermal degradation mainly occurs in the presence of CO2 and at temperatures above 100◦C[70].
However, thermal degradation has also been seen at temperatures higher than 200◦C without the
presence of CO2, where molecule cleavage takes place [28]. Because the regeneration of amine-
based sorbents occurs are temperatures way below 200◦C, only the thermal degradation in presence
of CO2 is of interest.

Evaporation Losses
Evaporation losses occur whenmolecules at the surface of a liquid break the liquid phase inter-molecular
forces and escape into the gas phase, and is measured by the percentage loss of the solvent. As stated
by Gowda [22], there are several factors that influence evaporation rates: vapor pressure, temperature,
surface area, flow rate, inter-molecular forces.

2.3. Factors affecting characterization
There are many factors that affect the different characterization categories and parameters explained
in section 2.2. In this section, these factors will be explained per DAC system component: sorbent,
absorber column, stripper column, and also external parameters. It is important to acknowledge that
not every single affecting factor will be covered, but those that are of interest to ZEF and/or those that
are to be measured/monitored during the characterization process.

2.3.1. Sorbent
The sorbent selection is a crucial design step in the DAC system since this component affects every
single category of the characterization parameters. As discussed, ZEF uses liquid aqueous amine
based sorbents, which have many parameters that characterize their performance, focus will be given
to the following: cyclic capacity, regeneration energy, and viscosity
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Figure 2.10: Sorbent’s characteristics and their influence in DAC system characterization

Cyclic Capacity
The cyclic capacity of a sorbent is defined as the difference between its rich and lean loading [9]. The
rich loading is the maximum amount of CO2 that a given sorbent is capable of capturing in equilibrium.
Theoretically, TEPA having five amine sites (two primary and three secondary)[4] has a maximum
CO2 rich loading of 2.5 molCO2/molTEPA. However, in practice this loading is not reached for several
reasons: CO2 solubility, amine concentration, diffusion and kinetics limitations.

The lean loading of a sorbent is defined as the CO2 concentration in the sorbent after the regener-
ation process. Ideally, all the captured CO2 would be released during regeneration. In practice this is
not the case and is also explained by the same phenomena as rich loading.

The importance of cyclic capacity in the performance characteristics is simple: the higher the cyclic
capacity, the more CO2 can be removed per cycle and thus the higher the Absorber Capacity. A higher
cyclic capacity has the potential of reducing the Energy Requirement of the process. At higher cyclic
capacities, a required total output can be reached with less cycles and thus less energy is spent.

Heat of Absorption
As explained before, the regeneration energy can be divided in different components. In a aqueous
amine solution characterization procedure, Goetheer et al [15] proposed a sorbent focused division of
the total regeneration energy (equation 2.15). About 50-60% of the total energy of regeneration comes
from the heat of CO2 absorption [15][43], so lowering this component of the regeneration energy will
bring big savings in terms of total energy consumption.

Eregeneration = Eheat of absorption + Esensible heat + Eheat of vaporization (2.15)

The heat of absorption is usually high for primary and secondary amines, while for tertiary amines it
tends to be lower. One would be tempted to say that simply the amine with the lowest heat of absorption
should be selected. However, as explained before, due to the very low CO2 concentration in ambient
air, sorbents with high heat of absorption are required; so a balance must be met. In their solvent
characterization study, Goetheer et al [15] measured the heat of absorption of different amines at room
temperature and pressure and CO2 loading for different aqueous amine solution. They identified group
C as promising sorbents for CO2 absorption; however, this study was performed for post combustion
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purposes. In a similar study, Barzagli et al [8] showed that a high yield production of amine carbamate is
decisive for an efficient CO2 capture; thus primary and secondary amine are better in DAC processes.

Figure 2.11: Heat of absorption (kJ/mole of CO2) of aqueous amine solution at 313.15 K and atmospheric pressure [15]

The importance of the heat of absorption in the efficiency characteristics has a dual effect: on one
side, a low heat absorption is desired if the total regeneration energy is to be lowered (thus decreasing
the total energy requirement). On the other hand, high heats of absorption are desired to increase the
capture efficiency of the process. Thus, an optimal must be selected.

Viscosity
The viscosity of the sorbent plays a major role in both the performance and efficiency of the DAC
process. To begin with, viscosity has a major limiting effect on the diffusion of CO2 into the thin film
region as explained by the modified Stokes-Einstein equation (equation 2.3). The higher the viscosity,
the lower the diffusion coefficient and thus the less CO2 will be diffused into the thin film for chemical
absorption with the amines’ active sites. While characterizing a novel solvent, Apaiyakul et al [3] com-
pared the viscosity and CO2 diffusion coefficient of their solvent to that of common solvents, where the
more viscous solvents showed lower diffusion coefficients. Furthermore, Miller et al [35] studied the
effects of adding PEG to TEPA. In the study, it was found that PEG supported the promotion of diffusion
of adsorbed CO2 through decreasing the TEPA viscosity.

The viscosity also plays a role in the energy requirements of the process. Besides influencing
diffusion as explained before, it also plays a major role in the energy demand for the solvent distribution
(pumping energy). Due to the highly laminar nature of the flow distribution in the system, effect of
viscosity can be analytically determined by the pressure drop caused through Darcy-Weisbach equation
(equation 2.16), which shows that at higher viscosity a higher pressure drop must be overcome by the
pumping system; translating to higher energy requirements (equation 2.11).

∆p

L
=

128

π
· µQ
D4

c

(2.16)

where∆p is the pressure drop (Pa), L is the length of the pipe (m), µ is the dynamic viscosity of the
fluid (Pa·s), Q is the volumetric flow rate of the fluid (m3 s−1), and Dc is the hydraulic diameter of the
pipe (m).

Clearly, the role of viscosity in both the performance and effectiveness of the process is of impor-
tance: less viscous solvents are beneficial in terms of performance (diffusion related mechanisms) and
in terms of energy demand (pumping energy, effectiveness in removal).
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2.3.2. Absorber Column
The absorber column plays a major role in determining the performance and efficiency of the DAC pro-
cess. The choice of design of the absorber column, how the sorbent and air are distributed, the total
volume of the column and the effective contact area between sorbent and air, all affect the character-
istics of the process.

Figure 2.12: Absorber Columns’s characteristics and their influence in DAC system characterization

Gas-Liquid Contact Area
As explained in section 2.1.1 through the two-film theory, chemical absorption occurs mainly in the
thin film region of the sorbent. Because of this, maximizing the contact area between the air and
the sorbent is vital. Furthermore, the effect of the contact area can also be understood through the
different models used in literature for absorption kinetics. In packed columns, the type of columns
where mostly all models are based on, the contact area is referred to as the interfacial area, and many
correlations between the surface area of the packing and this interfacial area have been proposed.
General agreement is found in that the packing’s interfacial area greatly impacts the liquid-side mass
transfer coefficients; the volumetric mass transfer coefficient increases with increase of surface area
[60] [67][27][19].

The contact area affects the performance of the DAC process by affecting the chemical absorption
process: the higher the effective contact area between the gas and liquid in the absorber column, the
more CO2 can be captured.

Sorbent Flow Distribution
Closely related to the Gas-Liquid Contact Area is the Sorbent’s flow distribution. To begin with, the flow
distribution must maximize the contact area between air and sorbent. The majority of DAC processes
in industry use chemical adsorption through supported amines, so the flow distribution is not of concern
in this type of DAC processes. Carbon Engineering uses packed columns for the sorbent distribution.
The issue with packed columns is first the challenge to actually determine the contact area as discussed
previously, but they also come with a high pressure drop (air side) which adds to the energy demand
of the process[60][10]. ZEF uses an innovative approach to the sorbent distribution that overcomes
pressure drop issues.

The sorbent distribution mechanism also needs to both effectively and homogenously distribute the
sorbent across the sorbent so that the volume of the column is effectively used. Furthermore, because
ZEF operates in a continuous process, the distribution mechanism should also be designed in such
a way that the pressure drop across the process, and thus the energy requirements, are minimized.
Again, Darcy-Weisbach equation can be used to understand the effect of: long lengths of pipes, small
hydraulic diameters, etc.
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Clearly, the design of the Sorbent Flow Distribution affects the performance by affecting the capture
capacity of the column (homogenous distribution, contact area). Also, it can affect the efficiency of the
process by both affecting the removal efficiency as well as the energy demand.

Air flow vs Liquid flow limitations
The air’s mass flow rate and sorbent’s mass flow rate both have an effect in the performance and
efficiency of the DAC process. Studies by Fu et al [20] and Xu et al [74] have analyzed the effects of
mass flow rate of both sorbent and air on the overall mass transfer coefficient of the absorption process.
As it can be seen in figure 2.13, increasing the sorbent flow rate has a positive effect in the overall mass
transfer coefficient; this is due to more free amine-active sites being available per time, and also by a
reduction in the film thickness.

Figure 2.13: Effect of liquid flow rate on overall mass flow rate [74]

On the other hand, according to the same studies, increasing the air flow rate does not have a
significant impact in the overall mass transfer; as can be seen in figure 2.14. According to Fu et al, this
is due to the mass transfer process being mainly controlled by the resistance in the liquid phase.

Figure 2.14: Effect of gas flow rate on overall mass flow rate [20]
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It is important to mention that both studies, and majority of studies in same topic, were performed
in packed columns. So any other flow distribution design, like ZEF’s, could potentially give different
results. Understanding if the absorber column is air side or fluid side limited allows to better optimize
the working parameters, and thus has an effect in the overall performance and efficiency of the process.

2.3.3. Stripper Column
The Stripper Column design and operational parameters have great influence in all the characteriza-
tion categories. The choice between trayed or packed columns, the residence time, the regeneration
working conditions, whether reflux is used or not, and the use of heat exchangers all exert different
effects on the characteristics of the DAC process.

Figure 2.15: Stripper Columns’s characteristics and their influence in DAC system characterization

Mass Transfer Area
Similarly as with the Absorber Column, maximizing the mass transfer area (contact area between gas
and liquid in the stripper) is fundamental to improve the regeneration process in the stripper. As men-
tioned before, several models to predict both gas-side and liquid-side mass transfer coefficients show-
casing the influence of mass transfer area are found in literature.

As with the Absorber Column, maximizing the mass transfer area of the Stripper column affects the
performance in terms of how much CO2 is released, as well as affects the efficiency by affecting the
cycle’s capacity.

Residence Time
Dubhashi [69] and van de Poll [68] proved that the regeneration process is mass transfer limited when
compared to reaction kinetics. Because of this, the residence time in the stripper column plays such
a crucial role. In simple terms, enough time should be allowed to the sorbent to reach its vapor liquid
equilibrium loadings for the regeneration conditions. If the residence time is too low, then the maximum
cyclic capacity possible of the process is not obtained.

Desorption Temperature & Pressure
The Desorption Temperature and Pressure effect is better explained through Vapor-liquid equilibrium
(VLE), VLE describes the state of coexistence of a gas and a liquid phase for a particular species. For a
mixture, this means that the liquid phase of one of the components at certain temperature and pressure
is in equilibrium with its vapor phase at the same temperature and pressure. This allows to determine
the composition of both gas and liquid phases for a given pressure and temperature.
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Given the fact that ZEF works at ambient pressure, work has been performed in the temperature
dependece of VLE for sorbents used in the process. As mentioned before, in a stripper column a
temperature gradient is created, which means that at different stages different equilibrium compositions
can be reached. The design of a stripper column must be such that the VLE at each stage is exploded
to its maximum potential.

Downing [14] developed experimental VLE curves for the terniary mixture of TEPA-Water-CO2 for
certain temperatures, as well as for the binary mixture of TEPA-Water (vapor curves). Then, Downing
developed a model used to extrapolate and obtain data for higher temperature and pressure ranges.
Through this model, and the experimental data, several isotherms were plotted. These curves can be
used to determine the theoretical cyclic capacity of the process, and thus showcase the importance of
desorption temperature:

• Absorption is carried at ambient temperature 20◦C(293.15 ◦K), and the partial pressure of CO2

is that of ambient air (0.04 kPa).
• Using ambient temperature and partial pressure of CO2, the rich loading is determined from the
VLE curves.

• The desorption temperature is selected to be, for example, 120◦C(393◦K), and the system pres-
sure is atmospheric pressure (100 kPa). Based on vapor curves, this corresponds to a water
partial pressure of 75-80 kPa.

• The remaining pressure, 25-20 kPa, represents the partial pressure of CO2.
• Using the desorption temperature and the partial pressure of CO2, the lean loading is determined
from the VLE curves.

Figure 2.16: VLE for sorbent terniary mixture at 1 bar and different temperatures [14]

As can be seen in figure 2.16, the selection of higher desorption temperatures would give a lower
lean loading, and thus a higher cyclic capacity.

Furthermore, and as was explained in the lifetime section, temperature has a major role in degra-
dation effects. At higher temperatures not only is degradation triggered, but also the degradation rate
increases. So, although as high a regeneration temperature is desired for performance purposes, a
limit must be set in order to have good lifetime characteristics.

Reflux Ratio
The Reflux Ratio plays an effect in both performance and efficiency of the process. Burak et al [16]
proposed a minimum reflux ratio as follows:
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Rmin =
xD

xF
− αAB

1−xD

1−xF

αAB − 1
(2.17)

where Rmin is the minimum reflux ratio, xD is the liquid mole fraction of the distillate, xF is the liquid
mole fraction of the feed, αAB is the relative volatility; which adapts to the desired top product purity. In
an extreme case, if the top product is wanted as pure product, equation 2.17 simplifies to:

Rmin =
1

(αAB − 1)xF
(2.18)

Although reflux ratio has a positive effect on product purity, it has a negative effect in energy re-
quirements. Any recirculated water into the stripper represents an extra amount of water that needs to
be evaporated; thus increasing the energy demand of the process. It is clear then that an optimal point
must be met in order to make the best use of the positive and negative effects of the reflux ratio in the
characteristics of the DAC process.

Heat Exchangers
The implementation of heat exchangers in the stripping cycle has a great effect in the overall energy
demand of the process. To begin with, the heat exchanger used in the reboiler section of the stripper
column has a great effect in the effectiveness of how much heat is transferred from the heating fluid
to the rich sorbent. The more effective the heat exchanger is, the more effectively the energy input
into the reboiler is used. Furthermore, a rich-lean sorbent heat exchanger can be used to pre-heat the
coming cold rich sorbent with the waste heat of the lean sorbent leaving the stripper column.

The efficiency of a heat exchanger is defined by the amount of heat exchanged between the fluids
and the available heat to be transferred [23]:

ε ≡ q

qmax
(2.19)

where q is the recovered heat (W), qmax is the maximum available heat (W), which can be deter-
mined as follows:

qmax = Cmin (Th,i − Tc,i) (2.20)

where Cmin is the smaller Heat Capacity rate between the hot and cold fluid (W K−1), and Th, i Tc, i
are the inlet temperature of the hot and cold fluid respectively (◦K). Furthermore, q in equation 2.19
can be defined as:

q = UA∆Tlm (2.21)

where U is the overall heat transfer coefficient (W m−2 K−1), A is the effective heat transfer area
(m2), and Tlm is the mean log temperature difference (◦K), found through:

∆Tlm =
∆T2 −∆T1

ln (∆T2/∆T1)
=

∆T1 −∆T2

ln (∆T1/∆T2)
(2.22)

In the case of plate heat exchangers, ∆T1 and ∆T2 are determined as follows:

∆T1 ≡ Th,1 − Tc,1 = Th,i − Tc,o

∆T2 ≡ Th,2 − Tc,2 = Th,o − Tc,i

(2.23)

The more effective the rich-lean heat exchanger is, the more energy savings can be obtained in
terms of sensible energy (energy required to bring the rich sorbent to the desorption temperature). It
is clear then that the use of heat exchangers, and how effective they are, can improve the efficiency of
the DAC process in terms of energy requirements.
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2.3.4. External Parameters
External parameters are related to environmental conditions in which the system is operating. Amongst
the many weather characteristics, the following are of interest in the characterization process: Humidity,
Temperature and CO2 Concentration.

Figure 2.17: External Parameters’ characteristics and their influence in DAC system characterization

Humidity
The absolute humidity is a measure of the amount of H2O in the air. Humidity is a very important factor
that can cause significant differences in the performance, efficiency, and lifetime of the DAC process.
In the performance aspect, there is great agreement on how the presence of moisture improves the
performance of DAC processes by increasing it’s loading capacity [26]. In an study performed by Yu et
al [78], the H2O-CO2-TEPA interactions were studied to determine how the presence of water affected
the amine’s capture capacity. It was determined that the presence of water facilitated the accessibility
of secondary amines sites to CO2 by a reduction of viscosity, and also the presence of water promoted
the formation of hydronium carbamate and carbamic acid; which pumps up the amine efficiency to 1
mol CO2 per mol TEPA.

This increase in CO2 capture does come at a cost, as more water is present in the ambient air, and
thus more is captured, the energy demand of the process increases as the presence of water increases
the energy requirements for heating up the rich stream, and also increases the latent energy demand
(more water needs to be evaporated).

Temperature
The ambient temperature at which the DAC process takes place has a big influence in the performance,
efficiency and lifetime characteristics. Temperature’s effect in the performance characteristics needs to
be tackled from a kinetics perspective. As explained before, CO2 absorption is an exhothermic reaction
and from a thermodynamic perspective it is positively influence by lower temperatures. However, lower
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temperatures come with the penalty of reduced diffusion rates due to the trend of viscosity increase at
lower temperatures.

In a review paper, Kong et al [26] gave a great summary on current literature information in the
effects of temperature in the kinetics of CO2 capture. The kinetic-temperature (KT) factor was intro-
duced to measure the dependence of CO2 capture on temperature. A large KT factor means faster
kinetics with increasing temperature, KT factors close to 0 mean low sensitivity to temperature changes,
and negative values decreasing kinetics with increasing temperatures. Amines with higher molecular
weight tend to exhibit large KT factors, while amines with lower molecular weights show less significant
dependence with temperature [26]. It is important to mention that almost all studies are under flue gas
capture conditions, with limited data given for DAC processes.

The efficiency of the DAC process can also be affected by the ambient temperature in terms of
overall energy demand. At lower ambient temperatures, the temperature gradient between stripper
column and ambient air increases thus increasing the heat losses in this part of the process.

CO2 Concentration
Carbon Dioxide is the spotlight factor of the entire DAC process, as it represents the main driving
force. As shown through VLE curves in previous section, at higher CO2 partial pressures more CO2

is captured per mol sorbent. This is something that is also seen in the difference in carbon capture
capacities (kg/m3 hr) between point-source capture processes and DAC capture processes: 63 and
0.4 respectively [10].

Given that the CO2 concentration levels in ambient air are relatively constant around the planet and
through time, no great effects are expected by CO2 concentration in DAC processes.

2.4. Direct Air Capture at ZEF
ZEF began with an chemical adsorption process carried in batches, but soon realized that this was not
the most efficient nor cost effective route to follow. This realization made ZEF change to a chemical
absorption route coupled to a continuous process.

ZEF started working in chemical absorption processes using channel flow absorption columns.
Through the works of Sinha [58] and Colaco [11], the first steps into chemical absorption were taken;
the major take of their work was the understanding that CO2 capture is a diffusion limited process, and
thus all optimization needed to be made in the liquid side of the process.

Through the work of Serrano [54] and Ovaa [44] a strong understanding on how direct air capture
actually works was established. To begin with, the diffusion limited characteristic of the process was
experimentally proven, and also it was determined that the diffusion coefficient of CO2 is two orders of
magnitude less than that of water.

Again, through the work of Sinha [56] the first absorption column of ZEF was fully characterized.
Through this work, it was proven how the viscosity of the sorbent increased significantly with an increase
of CO2 loading; something limiting to the process and that proved that channel flow was not the best
approach.

Through the work of Dowling [14], the Vapor Liquid Equilibrium of CO2 with the sorbent was for
the first time experimentally determined and modelled. Her work allow to understand better the driving
force of the absorption process, and at the same time proved how challenging it was to model.

de Matteis [15] tried to tackle the challenges faced by channel flow in terms of viscosity through
the implementation of different mixing strategies. However, through his work it was proven that only
non-passive mixing techniques would counter act the effects of viscosity increase. This was deemed
not acceptable as the main goal was to keep the process as simple as possible. Parallely, the work of
Mulder [38] focused on finding a suitable diluent for the selected amine sorbent trying to also reduce
the viscosity increase with increasing CO2 loading.

Sanz [50] and Nagulagama [39] carried the full system (absorption and regeneration) of ZEF’s newly
proposed DAC process with their so called MiniDAC system. Furthermore, Dubhashi [69] carried the
dynamic characterization of ZEF’s stripper column and later modelled said system.

2.4.1. Major takeaways from ZEF’s trajectory
As shown, ZEF has done great work in the world of DAC, through its numerous teams vast knowledge
has been acquired, and design decisions have been made which has brought ZEF to its current DAC
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prototype: the miniDAC (figure 2.18). To summarize, the major decisions/conclusions are:

• ZEF works in a continuous chemical absorption process. Both the absorber column and stripper
column work at ambient pressure due to simplicity.

• Channel flows are not efficient for the process, thus an alternative liquid distribution system is
used in ZEF’s process.

• ZEF uses TEPA-PEG sorbent solutions with varying ratios.
• Characterization of small (in terms of production) systems has been carried.
• Performance parameters, such as Space Time Yield, can be achieved by varying independent
parameters. Thus systems can be designed with target values of the performance parameters.

Figure 2.18: ZEF’s DAC protype today

The miniDAC is the predecessor of the 10X DAC system. It is thanks to the findings of the miniDAC
characterization that ZEF has been able to design the 10X, which will be explained in detail in its own
chapter.

2.5. Major Conclusions
From the research previously done at ZEF, and the information found in literature, the following major
conclusions can be drawn:

• The characterization of a DAC system is divided in four main categories: performance, efficiency,
lifetime and cost.

• The absorption process is diffusion limited, so sorbent distribution should be such that the thin
film region is ”refreshed” in the absorber column.

• Sorbent viscosity plays a major role in the absorption process given the mass transfer limitations
of such processes.

• The cyclic capacity is dependent on the sorbent type, absorption/desorption kinetics and the re-
generation conditions (temperature, pressure).

• Oxidative and Thermal degradation play a major role in both the performance and lifetime of the
process.

• The vast majority of the energy demand comes from the regeneration process.
• Ambient conditions play a major role in the performance, efficiency and lifetime of the process.
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2.6. Research Objectives and Questions
This thesis’ primary goals are the build and the complete characterization of ZEF’s 10X DAC system.
To tackle this, the task at hand has been divided in two main categories, each with a set of research
questions:

1. Experimental Characterization.

1.1 What are the characteristics of ZEF’s 10X DAC system and how does it compare to the
expected performance/model predictions?

1.2 What is the effect of environmental conditions in the performance of ZEF’s 10X DAC system?

2. Design Optimization

2.1 How would an optimized DAC system design look like?

The DAC Process Design will be tackled in chapter 3, where details of ZEF’s DAC system alongside
with reasoning behind design decisions will be given. The modelling work performed during the thesis
worked will be presented and explained in chapter 4. The Experimental Characterization represents
the bulk of this thesis and will be tackled in the Results & Discussion section of this thesis. Finally, the
Design Optimization will be tackled in its own chapter where suggestions for improving ZEF’s models
and the 10X DAC system design will be given based on the findings of the characterization process.



3
Experimental set-up

In this chapter, the design of the built and characterized 10X Direct Air Capture prototype is presented.
The experimental plan for the characterization of the system is also introduced and explained. Finally,
the measurements performed during experiments are explained alongside with the required equipment
and calculations.

3.1. 10X DAC Prototype
The work of this thesis focused on the build and commissioning of the 10X DAC prototype designed
by ZEF. However, in order to better understand the functioning, and the effort involved in the goal of
this thesis, a brief explanation of the prototype’s design is presented. For details of the build process,
please refer to appendix C.

The 10X DAC system is the first full scale prototype that ZEF develops for its process. It consists
of a full Direct Air Capture system with an absorption and a regeneration section. The sorbent used is
tetraethylenepentamine (TEPA) diluted with Polyethylene glycol (PEG) in a certain ratio. The 10X DAC
expected performance and design criteria is presented in table 3.1. For ease of understanding, the
design will be presented in three main sections: sorbent, absorber section, and regeneration section.

Table 3.1: Design Criteria

Parameter Value Unit
CO2 Output 0.00217 [molCO2/s]
H2O:CO2 Ratio 3:1 [-]
Energy Demand <400 [kJ/molCO2]
Absorber Header Injection Molding [-]

3.1.1. 10X DAC Sorbent
The 10X DAC system design is based in the use of TEPA diluted with PEG in a TEPA:PEG weight ratio
of 1:2.5 as a sorbent. The reason for this selection is the availability of experimental data and models
on the sorbent’s performance from previous worked done by ZEF.

Primarily, ZEF has been able to characterize the performance of this sorbent in terms of its capture
capacity versus the driving force of the process.

CONFIDENTIAL 27
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Figure 3.1: TEPA:PEG 1:2.5 performance [40]

(Note: specific units have been removed from y-axis due to Intellectual Property concerns)

3.1.2. Absorber Column
Absorber Sizing
Note: The sizing of the absorber column can be found in Appendix F,

Sorbent Distribution System
The next design aspect of the absorber column was the header, which works as the sorbent distribution
system. Besides being required to distribute the sorbent homogeneously in the entire column, the
challenge of the absorber header was that the design was required to be mass manufacturable through
injection molding. Because of this, the absorber header designed consists of a plates stack-up.

Through the stack-up, three different sections through which the sorbent has to flow were designed:
Inlet section, Cross-channel section, and Contraction section.

Figure 3.2: Absorber Header Sections

For each section of the header, the pressure drop to be experienced by the fluid was designed. The
first step was to determine whether the flow would be laminar or not through Reynold’s number. The
higher Re expected to be experienced is 17.5, meaning that the flow is highly laminar. Due to the
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nature of the flow, it was possible to apply the Darcy-Weisbach equation to each section and design
for the desired pressure drop.

∆p

L
= fD ·

ρ

2
· v2

DH
(3.1)

where:

∆p = pressure drop [Pa]
L = length of the section [m]
fD = Darcy friction factor [-]
ρ = fluid’s density [kg/m3]
v = mean flow velocity [m/s]
DH = hydraulic diameter [m]

For laminar flow regimes such as the ones experienced in the absorber column, the Darcy friction
factor can be analytically solved for.

fD =
64

Re
(3.2)

The designed pressure drops for each section are summarized in table 3.2.

Table 3.2: Pressure drop design

Section Design unit
Inlet 14.1 [mbar]
Cross-channel 2.5 [mbar]
Contraction 30.4 [mbar]

Since the contraction section is the last section before the sorbent enters the absorber column’s
mass transfer area, by designing it with a pressure drop twice as high as the previous one, it is expected
that the header is fully filled before the the sorbent exits the contraction section; thus being distributed
in the entire column.

Air Distribution in the column
The air distribution system in the column is composed of two inlets at the bottom of the column, and
two air outlets at the top; which allow to have a counter-current flow of air with respect to the sorbent.
The column is fully enclosed by a polypropylene enclosure, guaranteeing that air only enters and exits
through the designated ports.
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Figure 3.3: Absorber Column

3.1.3. Regeneration Section
The regeneration section consists of a packed stripper column. The selected packing by ZEF consists
of a 3D printed PA-12 geometry with a void fraction of 50%. The thermosyphon is heated using oil as a
heating fluid, which is supplied through an external oil bath. The column fluid level is controlled through
a u-tube open to ambient pressure, and has been placed such that the column has a hold up volume
of 1.8 L.

The stripper outlet is connected to a total condenser, where the gas products are condensed before
entering the connected flash tank. In the flash tank, CO2 exits as a gas product, while H2O is collected
as a liquid.

As part of the regeneration section, a Rich-Lean Heat Exchanger has been installed to make use of
the available heat in the lean sorbent leaving the column to pre-heat the rich sorbent that will enter the
stripper column. This heat exchanger is an Alfa-Laval plate heat exchanger with a heat transfer area
of 0.5 m2.
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Figure 3.4: Regeneration Section

3.1.4. Other Mechanical Components
Besides the aforementioned major components, the 10X DAC design also includes:

• Two air fans with a combined capacity of up to 2800 m3/hr.
• Air filters at the inlets of the absorber column.
• A recycle pump with a capacity of up to 220 ml/rev for the absorber column circulation.
• A polypropylene enclosure to isolate the absorber column from the outside.
• A 38L sump for the sorbent.
• A stripper pump for the sorbent ciculating in the stripper column.
• Insulation material to reduce heat losses in the regeneration section.

3.1.5. Process Flow and Measurement points
Figure 3.5 shows the P&ID of the DAC prototype, and the measurement points of the prototype are
explained in table 3.3
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Figure 3.5: P&ID diagram of 10X DAC prototype



3.1. 10X DAC Prototype CONFIDENTIAL 33

Table 3.3: 10X DAC Measurement points

Symbol Measurement Parameter Unit
AH01 Absolute Humidity Inlet Left [gr/m3]
AH02 Absolute Humidity Inlet Right [gr/m3]
AH03 Absolute Humidity Outlet Left [gr/m3]
AH04 Absolute Humidity Outlet Right [gr/m3]
CO201 CO2 Concentration Inlet Left [ppm]
CO202 CO2 Concentration Inlet Right [ppm]
CO203 CO2 Concentration Outlet Left [ppm]
CO204 CO2 Concentration Outlet Left [ppm]
dP01 Pressure Drop Absorber Column [Pa]
dP02 Pressure Drop across Fan Left [Pa]
dP03 Pressure Drop across Fan Right [Pa]
dP04 Pressure Drop Flash Tank [Pa]
E01 Energy Consumption Oil Bath [W]
L01 Level Sensor Stripper Column Top [-]
L02 Level Sensor Flash Tank Top [-]
L03 Level Sensor Flash Tank Bottom [-]
S01 Sample Collection - Rich Sorbent [-]
S02 Sample Collection - Lean Sorbent [-]
T01 Temperature Cold Sorbent In [◦C]
T02 Temperature Cold Sorbent Out [◦C]
T03 Temperature Hot Sorbent In [◦C]
T04 Temperature Hot Sorbent Out [◦C]
T05 Temperature Thermosyphon Bottom [◦C]
T06 Temperature Thermosyphon Top [◦C]
T07 Temperature Oil In [◦C]
T08 Temperature Oil Out [◦C]
T09 Temperature Stripper Top [◦C]
T10 Temperature Ratio Sensor [◦C]
T11 Temperature Flash Tank [◦C]
T12 Temperature Set Oil Bath [◦C]

All of the required sensors for the measurement points are managed through a common PCB, and
the data from each sensor is plotted live in a Graphical User Interface (GUI) as well as saved for later
data analysis.

The process flow is described as follows:

• The Recycle Pump (4) draws sorbent from the Sump (2) into the Absorber Column (1), where it
is homogeneously distributed across the entire absorber area.

• Air is drawn by the Air Fans (5) into the Absorber Column (1), where it flows in a counter-current
manner, and the CO2 & H2O capture takes place. The now rich sorbent is sent back to the Sump
(2).

• The Stripper Pump (7) draws sorbent from the Sump (2) into the regeneration section, where it
first enters the Rich-Lean Hex (8) to be pre-heated before entering the Stripper Column (9).

• The pre-heated sorbent enters the Stripper Column (9), where it is further heated by the Ther-
mosyphon until it reaches the regeneration temperature set by the Oil-bath (13).
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• Once the regeneration temperature is reached in the Stripper Column (9), both H2O and CO2 are
desorbed. The vapor exits the column through the top and goes to through the Total Condenser
(10), where the product is condensed before entering the Flash Tank (11). In the Flash Tank (11),
CO2 and H2O are separated; the CO2 exits as a gas product through the top, while the water
exits as liquid through the bottom.

• The lean sorbent leaving the Stripper Column (9) goes through the Rich-Lean Hex (8) and its
available heat is used to pre-heat the cold rich sorbent. Then, the lean sorbent is sent back to
the Sump (2).

3.2. Experimental Plan
The 10X DAC prototype characterization can be divided into three parts: Absorber Characterization,
Stripper Characterization, and Full System Characterization. For each part, experiments with different
objectives were performed; which are enumerated individually.

3.2.1. Absorber Characterization
Themain goal of the absorber characterization was to determine the absorber’s carbon capture capacity.
To do so, experiments were only the absorber column was running (i.e. no regeneration of the sorbent)
were performed.

1. Space Time Yield vs Driving Force: in order to quantify the effect of the driving force in the
carbon capture process, experiments were performed in which sorbent samples were taken in
specific time intervals. Ambient conditions were logged, and samples were analysed using FTIR
to determine the change in CO2 loading over time.

2. Space Time Yield vs Viscosity: in order to quantify the effect of viscosity in the carbon capture
process, experiments were performed in which the sorbent’s residence time, and the number of
mass transfer elements per meter absorber were logged and used to determine the sorbent’s
viscosity from experimental fits done previously at ZEF (see appendix D). Ambient conditions
were logged, and samples were analysed using FTIR to determine the sorbent composition over
time.

Assumptions:

• Air is considered to be distributed equally and in the entire mass transfer area of the absorber.
• The recycle pump, being a positive displacement pump, delivers a sorbent mass flow rate pro-
portional to the selected RPM.

• No leaks in system, thus no sorbent loses and air only enters and exits through the designed
inlets and outlets respectively.

• Sorbent composition in the system is uniform. Time between sample taking is above 5 times the
residence time in the absorber sump.

• Sample collection process is valid.

3.2.2. Stripper Characterization
The main goal of the stripper characterization was to determine the stripper’s capability to regenerate
the rich sorbent. To do so, experiments were the absorber column’s setting were fixed (i.e. sorbent
and air mass flow rates), and the stripper column was ran were performed.

1. Lean loading vs Residence Time: in order to quantify the effect of residence time in the lean
loading achieved by the regeneration process, experiments were performed in which the resi-
dence time in the stripper column was varied and samples were collected in specific time in-
tervals. The samples were analysed using FTIR to determine the CO2 concentration after the
regeneration process.

Assumptions:

• The set-up is assumed to be leak tight, which was tested before experiments.
• Feed flow rate is assumed to be constant, and the magnitude set by the RPM of the feed pump.
• Sample collection process is valid.
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3.2.3. Full System Characterization
The main goal of the full system characterization was to determine the overall CO2 & H2O production
of the prototype, the performance of the Rich-Lean Hex, and the total energy demand of the process.
To do so, experiments were the absorber column’s setting were fixed (i.e. sorbent and air mass flow
rate), and the stripper column was ran were performed.

1. CO2 Output: in order to quantify the CO2 production capacity of the system, experiments were
performed in which sorbent samples were taken in specific time intervals, and were the CO2
production was physically measured after the flash tank. The sorbent samples were analysed
using FTIR to determine the CO2 cyclic capacity of the process.

2. H2O output: in order to quantify the H2O production capacity of the system, experiments were
performed in which sorbent samples were taken in specific time intervals, and were the H2O
production was physically measured after the flash tank. The sorbent samples were analysed
using FTIR to determine the H2O cyclic capacity of the process.

3. H2O:CO2 Ratio: in order to quantify the product ratio of the system, experiments were performed
in in which sorbent samples were taken in in specific time intervals, and were the CO2 & H2O
production was physically measured after the flash tank. The sorbent samples were analysed
using FTIR to determine the H2O & CO2 cyclic capacity of the process, and thus determine the
product ratio.

4. Rich-Lean Hex: in order to determine the heat exchanger’s performance characteristics, experi-
ments in which the heat transfer coefficient and efficiency could be determined were performed.
During the experiments, the inlet and outlet temperatures of the hot and cold streams were logged,
as well as the respective mass flow rates.

5. Energy Demand Process: in order to quantify the energy demand of the process, experiments
were performed in which the entire system was ran. During the experiments, the oil-bath power
input wasmeasured in order to determine the total energy demand of the process. Measurements
were taken to determine the different components of the energy demand: sensible heat, heat of
desorption, actuators and losses.

Assumptions:

• Neither TEPA nor PEG are volatile, meaning the stripper product is a binary mixture consisting
only of CO2 and H2O.

• Both the recycle and stripper pump provide a constant mass flow rate which is controlled through
RPM.

• Entire set-up is assumed to be leak tight, and thus gases exit only through the flash tank outlet,
and no air enters the system besides through the absorber inlets.

• Sample collection process is valid.

3.2.4. Experimental Plan Summary
The entire experimental plan can be found in table 3.4.
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Table 3.4: Experimental Plan

Stage Components Measurements Outputs

Absorber Characterization Absorber Column

Ambient Conditions
Sorbent Composition
Residence Time Mass Transfer Element
Number of Mass Transfer Elements
Fans PWM
CO2 Concentration

STY vs Driving Force
STY vs Viscosity

Stripper Characterization Full System
Feed Mass Flow Rate
Sorbent Composition

Lean Loading vs Residence Time

Full System Characteriation Full System

CO2 Output
H2O Output
Oil-bath Input
Inlet & Outlet Temperature Cold Stream
Inlet & Outlet Temperature Hot Stream
Feed Mass Flow Rate

CO2 Produced
H2O Produced
H2O:CO2 Ratio
Energy Demand Process
Rich-Lean Hex performance

3.3. Measurements
For the experimental characterization of the prototype, several performance indicators must be mea-
sured/quantified (table 3.4). To do so, different techniques were used and calculations were performed,
which will be presented in the following subsections.

3.3.1. Space Time Yield (STY)
The Space Time Yield (STY) is a parameter that indicates how much CO2 the process is capable of
capturing per unit volume and per unit time (i.e. the capture capacity of the system). To determine this
parameter, two different methods were used: sorbent composition measurements, and CO2 concen-
tration in the air stream measurements.

Sorbent Composition Measurements
The STY can be determined through the sorbent composition as follows:

STY =
∆C ·WTEPA

VAbsorber · dt
(3.3)

where:

STY = Space Time Yield [molCO2/m3·s]
∆C = change in CO2 loading between samples [molCO2/kgTEPA]
WTEPA = weight of TEPA in system [kg]
VAbsorber = volume of absorber column [m3]
dt = time between samples [s]

The absorber volume and the TEPA weight were known fixed parameters, so what had to be deter-
mined was the change in CO2 loading. To do so, first a sampling methodology was established:

1. Sample collection point was established after the recycle pump in order to ensure well-mixing.
2. The time between samples was never lower than 5x the residence time in the sump.
3. 1 to 2 ml of sample was always collected, labelled and stored for later analysis.
4. Samples were always analysed at the end of each experiment.
5. Duplos were always performed in the analysis stage to ensure sample was well mixed and the

concentrations were homogenous.

The sample analysis was performed using an Agilent Cary 630 FTIR machine, which gave an in-
frared spectrum of the sorbent sample. This spectrum was then taken to the TQ Analyst software,
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where a pre-defined calibration allowed to quantify the weight percentage of all the components in the
sample. For details on the FT-IR machine and the calibration, please refer to Appendix A.

Figure 3.6: Example results from sample analysis

With the weight percentages, the concentration of CO2 in the sample was determined as follows:

C =
CO2w.t.% ∗ 1000

MWCO2 ∗ TEPAw.t.%
(3.4)

where:

C = CO2 concentration in sample [molCO2/kgTEPA]
CO2 w.t.% = weight percentage of CO2 [%]
TEPA w.t.% = weight percentage of TEPA [%]
MWCO2 = Molecular weight of CO2 [g/mol]

By knowing the CO2 concentration of each sample, and the time taken between samples, the STY
was determined as indicated in equation 3.3.

CO2 concentration in air stream measurements
The STY can be determined through the CO2 concentration in the air stream as follows:

STY =
∆CO2 · v̇air · 1000 · ρair
3600 · VAbsorber ·MWair

(3.5)

where:

STY = Space Time Yield [molCO2/m3·s]
∆CO2 = Change in CO2 concentration in air [molCO2/molAir]
v̇air = Volumetric flow rate of air [m3/hr]
ρair = Density of Air [kg/m3]
VAbsorber = volume of absorber column [m3]
MWair = Molecular weight of air [g/mol]

The experimental setup is equipped with CO2 concentration sensors in the air inlets and outlets.
These sensors measure CO2 in parts per million, and have a bias of +/- 30ppm. The readings of the
sensors are converted into the required units, and used in equation 3.5.

The volumetric flow rate of air was determined by the measured pressure drop across the fans, and
the fan calibration provided by the manufacturer. By having the volumetric flow rate of air and the CO2
concentration change, the STY was determined as indicated in equation 3.5.

3.3.2. Driving Force
The driving force of the CO2 capture process is given by the difference between the CO2 vapour liquid
equilibrium loading and the current CO2 loading in the sorbent.

dC = CV LE − CRich (3.6)
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where:

dC = driving force [molCO2/kgSorbent]
CV LE = VLE Loading [molCO2/kgSorbent]
CRich = current CO2 loading [molCO2/kgSorbent]

The current CO2 loading is determined through FTIR as explained in subsection 3.3.1.
The VLE loading is a function of the sorbent type, sorbent temperature, the partial pressure of CO2,

and the current CO2 loading in the sorbent (see appendix D). In the DAC process, the partial pressure
of CO2 is assumed constant and with a value of 0.4 mbar.

CV LE = f(Sorbent, T, pCO2, CRich) (3.7)

Previous work done at ZEF [14] developed experimental fits and data for VLE loadings of TEPA:PEG
1:2.5 at different CO2 partial pressures and temperatures. This data was then fitted to several adsorp-
tion models and to the Clausyus-Clapeyron equation to develop a model capable of determining the
VLE loading at different conditions. Said model was used in this thesis to determine the VLE loading
for the experimental conditions.

3.3.3. Viscosity
Viscosity plays a major role in the CO2 capture process as it influences the diffusion mechanism signif-
icantly. Previous work done at ZEF developed experimental fit models in which the viscosity could be
determined from certain measurable process parameters. The required parameters are the number of
mass transfer elements per meter, the residence time of the mass transfer elements and the volumetric
flow rate of the sorbent in the absorber column.

µ = f(nd, τ, ṁabsorber) (3.8)

All the required inputs to the models can be experimentally measured, and then the model is used
to compute the sorbent’s viscosity in that given moment (see appendix D).

3.3.4. Lean Loading
The lean loading of the sorbent gives a measure of how close the sorbent is regenerated to VLE con-
ditions in the stripper. To do so, samples are collected and the sorbent composition is analysed as
explained in subsection 3.3.1. The sample collection methodology is the same except for the following
amendments:

• The sample collection point of the lean sorbent was established at the hot stream outlet of the
Rich-Lean Hex.

The results from the FTIR analysis are used to calculate the CO2 concentration in the sorbent as
indicated in equation 3.4. For a fair comparison of lean loading in different residence times, the samples
that had the same number of cycles (passes through the stripper column) were the ones compared.

The regeneration temperature, which was kept fixed during the experiments, is used to determine
the VLE loading in the stripper column bottom, and this loading is determined to be the lowest possible
obtainable by the regeneration process.

3.3.5. Residence Time
The residence time in the stripper is a crucial process parameter as it indicates how long the sorbent
is allowed to spend in the regeneration step of the DAC unit. For the experiments, the residence time
is a function of the hold-up volume in the stripper, and the mass flow rate of the feed stream.

The hold-up volume of the stripper is a fixed parameter determined by the design. The volumetric
flow rate into the stripper is determined by the stripper pump, and can be quantified through an ex-
perimental calibration performed to the pump that relates the flow rate to the RPM of the device (see
appendix B).
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Table 3.5: Residence times during experiments

Experiment v̇ [ml/s] Residence time [min]
1 3.81 8.3
2 4.4 7.2
3 5.0 6.3

3.3.6. CO2 Produced
The CO2 produced during experiments is one of the major performance indicators of the system. To
determine this parameter, two different methods were used: sorbent composition measurements, and
physical CO2 output measurements.

Sorbent composition measurements
The CO2 output of the process can be determined through the sorbent composition as follows:

CO2output = CC · (v̇feed · ρsorbent) · (TEPAw.t.%/100) (3.9)

where:

CO2output = CO2 produced [molCO2/s]
CC = Cyclic Capacity [molCO2/kgTEPA]
v̇feed = volumetric flow rate into stripper [m3/s]
ρsorbent = density of sorbent [kg/m3]
TEPA w.t.% = weight percent TEPA in sorbent [%]

The density of the sorbent is assumed constant and it is a known parameter. The sorbent composi-
tion is determined as explained in subsection 3.3.1, with the difference that both Rich and Lean sorbent
samples are collected simultaneously and their compositions are analysed.

The cyclic capacity is determined by knowing the sorbent composition as follows:

CC = CRich − CLean (3.10)

where:

CC = Cyclic Capacity [molCO2/kgTEPA]
CRich = Rich sorbent CO2 loading [molCO2/kgTEPA]
CLean = Lean sorbent CO2 loading [molCO2/kgTEPA]

The Rich and Lean loadings are determined from the sorbent composition as indicated in equation
3.4. Once the cyclic capacity is determined, the CO2 production through the sorbent composition is
determined as indicated by equantion 3.9.

Physical Measurement
The CO2 production was physically determined by measuring the gas output of the flash tank, which
is assumed to consist only of CO2. To do so, a measurement device was devised with common lab
equipment.
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Figure 3.7: CO2 Measuring device schematic

The working principle of the device consists in quantifying the time it takes for the gas outlet stream
to displace a known volume of water. Then, the CO2 production is determined is follows:

CO2output =
Vwater

t
(3.11)

where:

CO2output = CO2 production [ml/s]
Vwater = Volume of water displaced [ml]
t = time taken to displace the volume of water [s]

The calculated CO2 production was then converted into molCO2/s for comparison with the other
method.

3.3.7. H2O Produced
The H2O production of the process is an important performance indicator for ZEF as it required for the
other subsystems of the microplant. To determine this parameter, two different methods were used as
with the CO2 production: sorbent composition measurements, and physical measurements.

Sorbent composition measurements
The H2O production quantification through sorbent composition was done similarly as the CO2 pro-
duction quantification. The only difference being that instead of using CO2 concentrations, now H2O
concentrations are required. The sorbent composition analysis is exactly the same, and the H2O con-
centration is determined as follows:

CH2O =
H2Ow.t.% · 1000

MWH2O · TEPAw.t.%
(3.12)

where:
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CH2O = H2O Loading [molH2O/kgTEPA]
H2O w.t.% = H2O weight percentage in sorbent [%]
TEPA w.t.% = TEPA weight percentage in sorbent [%]

Similarly to equation 3.10, the H2O cyclic capacity of the process can be determined by having the
H2O rich and lean loadings from the sorbent composition. Finally, the H2O output is determined in a
similar manner as in equation 3.9, but using the H2O cyclic capacity.

Physical Measurements
The H2O produced by the process is all collected in the bottom of the flash tank as a liquid. The outlet
of the flash tank is controlled by a ball valve that can be manually opened and closed by the user. In
order to physically measure the H2O production, all that is necessary is to know the discharge volume
and the time between discharges.

H2Ooutput =
Vdischarge

t
(3.13)

where:

H2Ooutput = H2O produced [ml/s]
Vdischarge = volume of water discharged [ml]
t = time between discharges [s]

The quantified H2O production was then converted into molH2O/s for comparison with the other
method.

3.3.8. H2O:CO2 Ratio
The H2O:CO2 product ratio is another special requirement for ZEF’s DAC process, and it is determined
in a molar basis. Knowing the CO2 and H2O production of the process, it is possible to determine the
ratio.

H2O : CO2 = H2Ooutput/CO2output (3.14)

where:

H2O:CO2 = product ratio [-]
H2Ooutput = H2O production [mol/s]
CO2output = CO2 production [mol/s]

3.3.9. Energy Demand Process
The total energy demand of the process is an indicator of how efficient the process is. In order to
determine this parameter, the heat supplied by the oil-bath to the thermosyphon reboiler was used.

Qin = ṁoil · Cpoil · dToil (3.15)

where:

Qin = heat input [W]
ṁoil = oil mass flow rate [kg/s]
Cpoil = oil specific heat capacity [J/kg·K]
dToil = oil temperature difference [K]

The Cp of the oil is known and assumed to be constant regardless of temperature. The oil bath
settings allow to determine the mass flow rate of the oil, and the temperature difference is determined
through temperature sensors at the inlet and outlet of the thermosyphon heat exchanger.
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The heat input is considered to be the total energy demand of the process, including heat losses.
The heat input can be further converted into MJ/kgCO2 or similar units by also having the CO2 produced
by the process.

3.3.10. Rich-Lean Hex Performance
The process heat integration aims to reduce the energy required by the system, it is then fundamental
to determine the performance of the Rich-Lean heat exchanger. To do so, an LMTD analysis was
performed for the plate heat exchanger:

∆TLM =
∆T2 −∆T1

ln(∆T2 −∆T1)
(3.16)

where:

∆T1 = Th,i − Tc,o (3.17)
and

∆T2 = Th,o − Tc,i (3.18)
where:

∆TLM = log mean temperature difference [K]
Th,i = hot stream inlet temperature [◦C]
Th,o = hot stream outlet temperature [◦C]
Tc,i = cold stream inlet temperature [◦C]
Tc,o = cold stream outlet temperature [◦C]

The required temperatures are determined through temperature sensors installed at the inlets and
outlets of the heat exchanger.

The maximum possible heat transfer rate is determined as follows:

Qmax = ṁfeed · Cpsorbent · (Th,i − Tc,i) (3.19)
where:

Qmax = maximum posible heat transfer rate [W]
ṁfeed = stripper pump mass flow rate [kg/s]
Cpsorbent = specific heat capacity of the sorbent [J/kg·K]
Th,i = hot stream inlet temperature [◦C]
Tc,i = cold stream inlet temperature [◦C]

The Cp of the sorbent is known and assumed constant. The stripper pump mass flow rate is a
known process parameter, and the required temperatures are determined through the inlet and outlet
temperature sensors.

The actual heat transfer rate in the heat exchanger is determined in the same way as in equation
3.19, but replacing the hot stream inlet temperature by the cold stream outlet temperature (Th,i → Tc,o)

The heat transfer coefficient of the heat exchanger is determined as follows.

hc = Qactual/(Ahex ·∆TLM ) (3.20)
where

hc = heat transfer coefficient [W/m2·K]
Qactual = heat transferred to the cold fluid [W]
Ahex = heat exchanger heat transfer area [m2]
∆TLM = log mean temperature difference [K]
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The efficiency of the heat exchanger is determined by how much of the possible maximum heat is
actually transferred to the cold fluid.

ηhex = (Qactual/Qmax) · 100 (3.21)

where:

ηhex = hex efficiency [%]
Qmax = heat transferred to the cold fluid [W]
Qavailable = heat available from the hot fluid [W]



4
Modelling

This chapters presents the modelling work performed during this thesis. First, the newly developed
absorber model will be presented and explained. Then, the stripper model, previously developed by
ZEF will be explained. Finally how both models were used to determine the system’s performance will
be presented.

4.1. Absorber Model
The absorber model developed during this thesis deep dives into the mass transfer of CO2 into the
sorbent. Based on experimental results and several mass transfer theories, an experiment based
mass transfer model has been developed that allows to determine the system performance, and that
can be applied to different sorbents.

Figure 4.1: DAC Absorber Model
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4.1.1. Mass Transfer Theories and Experimental fit constant
The developed absorption model assumes a diffusion limited process in the liquid side of the CO2
capture process. This assumption is based not only in literature where the CO2 absorption process
is stated as diffusion limited [55][76][32] when compared to reaction kinetics, but also from the experi-
mental results of the 10X DAC.

Figure 4.2: CO2 capture capacity versus concentration gradient

As can be seen in figure 4.2, there seems to be a linear decreasing trend in the CO2 capture capacity
of the process as the driving force (i.e. concentration gradient) decreases, which is interpreted as a
sign of the process being liquid side limited, and combined with literature sources stating diffusion is
the limiting process, the main assumption of the model is considered valid..

The starting point of the absorber model is Fick’s Law of Diffusion:

J = −DdC

dx
(4.1)

where:

J = Molar Flux [mol/s·m2]
D = Diffusion Coefficient [m2/s]
dC/dx = Concentration Gradient [mol/m4]

Fick’s Law states that the mass flux is a function of the Diffusion Coefficient and the Concentration
gradient. To begin with, for the absorber model developed, the concentration gradient term has been
changed for a driving force term:

dC

dx
−→ CV LE − CRich (4.2)
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where:

CV LE = CO2 Loading in VLE conditions [molCO2/kgSorbent]
CRich = CO2 Loading in the sorbent [molCO2/kgSorbent]

This change is acceptable since the diffusion length (dx) is considered constant in all the mass
transfer element.

The next term is the Diffusion Coefficient. Two equations, Stokes-Einstein and Wilke-Chang, were
considered when solving for this coefficient.

Figure 4.3: Estimation of the Diffusion Coefficient [49]

As seen in figure 4.3, the diffusion coefficient seems to always be directly proportional to temper-
ature, and inversely proportional to sorbent’s viscosity. The differences between both equations is
tackled by the experimental constant developed in the model that will be introduced later.

Furthermore, three mass transfer theories were considered in the development of the absorber
model (table 4.1). Due to the nature of ZEF’s DAC process, wheremass transfer elements are assumed
to mix as they flow through the column, the Surface Renewal Theory by Danckwerts was selected to
further develop the absorber model.

Table 4.1: Mass transfer models

Theory/Model Description Equation

Two-film Theory
Assumes the existance of a film of thickness (δ)
through which molecular diffusion takes place under
steady state conditions [36]

kL = D/δ

Penetration Theory
Assumes that all liquid elements present in the gas-liquid
interphase are exposed to the gas, and the mass transfer
can be expressed in terms of contact time (Θ).[36]

kL = 2
√
D/πΘ

Surface Renewal Theory
Assumes that the liquid is composed of two regions, interfacial
region & bulk region, and that the liquid elements are constantly
replaced (renewed) by liquid elements in the bulk.[36]

kL =
√
D · S
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Figure 4.4: Schematics of Surface Renewal Theory [36]

In the Surface Renewal theory, the liquid is treated as one large well mixed bulk region, which
interfacial region is constantly renewed. The theory assumes that at any given time, liquid elements
in the interface are being replaced (renewed) by fresh elements from the bulk. The Surface Renewal
Theory states that the mass transfer coefficient is a function of the Diffusion Coefficient, and the Surface
Renewal Frequency (S).

kL = (DABS)
0.5 (4.3)

where:

kL = Mass Transfer Coefficient [m/s]
D = Diffusion Coefficient [m2/s]
S = Surface Renewal Frequency [1/s]

Combining the selected mass transfer theory, alongside with Fick’s Law, and replacing Mass flux
by the Space Time Yield performance parameter, the Absorber model is presented:

STY = A ∗

√
TS

µ
∗ (CV LE − CRICH) (4.4)

where:

STY = Space Time Yield [molCO2/m3·s]
A = Experimental Fit Constant [Pa·kgSorbent/K0.5]
T = fluid Temperature [K]
µ = fluid Viscosity [Pa·s]
C = CO2 Loading [molCO2/kgSorbent]

The Surface Renewal Frequency needs to be addressed. Due to the nature of ZEF’s absorption
process, and its liquid distribution approach, the surface renewal frequency is considered to be inversely
proportional to sorbent’s viscosity times a constant (see appendix D); which is engulfed by the constant
A in the overall equation.

S ∝ 1

µ
(4.5)

Finally, putting everything together:
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STY = A ∗
√
T

µ
∗ (CV LE − CRICH) (4.6)

The proposed model considers not only environmental conditions, but also all sorbent properties
(viscosity and VLE loading) and process specific parameters (number of mass transfer elements) that
greatly influence the CO2 capture process.

Determining A, was possible through the experimental results of the 10X DAC and the different
measurements explained in section 3.3.

Figure 4.5: Experimental constant A

As see in figure 4.5, the proposed experimental fit constant A behaves as such until the dC value
goes below 0.2 molCO2/kgSorbent, and explodes for values below 0.15 molCO2/kgSorbent. The rea-
son for this is that as dC becomes smaller, the difference in loading between samples also becomes
smaller, and the STY equation (see subsection 3.3.1) falls within the error of the FTIR machine; af-
fecting the STY value and thus the constant A. For this reason, the value of A was determined as its
average value between 0.2 and 0.6 molCO2/kgSorbent.

A = 2.61e− 10[Pa · kgSorbent/K0.5] (4.7)

To validate the constant A, Space Time Yields for similar conditions as the experiments were calcu-
lated, and then compared to the experimental results through the Mean Absolute Error (MAE) and the
coefficient of deviation between measured and predicted values.

Table 4.2: statistical comparison

Absorber Model
MAE 4.22e-8
R2 0.55

As can be seen in table 4.2, the accuracy of the absorber model in predicting STY values is far from
ideal, but considering the MAE is one order of magnitude lower than the measured STY, it is considered
acceptable to be used.
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4.1.2. Model Assumptions
The assumptions used in the newly developed absorber model are the following:

• Diffusion limited process. Thus, the model works better in the liquid side limited region of the
CO2 capture process where CO2 absorption has been suggested to be diffusion limited.

• Sorbent temperature same as ambient temperature. This is not completely true as the CO2
capture reactions are exothermic and the sorbent temperature would be slightly higher than am-
bient temperature.

• Surface renewal frequency (S) inversely proportional to sorbent’s viscosity. This assump-
tion is based in the fact that all other parameters that could affect the surface renewal process
are kept constant in the process.

• Constant CO2 partial pressure. Valid for DAC processes.
• Constant water loading in the sorbent. Water VLE is accomplished faster than CO2, so the
water loading in the sorbent is assumed to be at VLE from the start. Not enough data was obtained
to create a model for water capture.

4.1.3. Model Inputs and Outputs
The required inputs for the absorber model, as shown in figure 4.1, are as follows:

• Ambient Temperature: air temperature entering the system, required input to determine VLE
loading values, Space Time Yield, and sorbent’s viscosity.

• Absorber Volume: volume of air-sorbent contactor, required input to determine the amount of
CO2 captured, and subsequently the sorbent composition leaving the absorber column.

• Sorbent Type: amine to diluent ratio, required input to determine the VLE loading values, Space
Time Yield, and sorbent’s viscosity.

• Sorbent Composition: initial sorbent composition (CO2 andH2O Loading) entering the absorber
column, required input to determine VLE loading values, mass fractions, sorbent’s viscosity and
composition after going through the absorber column.

• Experimental fit constant: explained in section 4.1.1, required input to determine Space Time
Yield.

• Sorbent Total Volume: volume of sorbent in the entire system, required input to determine mass
fractions, and sorbent composition after going through the absorber.

• Recycle Pump Power: total power supplied to the recycle pump, required input to determine
number of mass transfer elements in the absorber column.

Table 4.3: Absorber Model Inputs

Symbol Input Parameter Unit
Tamb Ambient Temperature [◦C]
Labs Absorber Length [m]
Ssorbent Sorbent Type [-]
CCO2 CO2 Loading [molCO2/kgSorbent]
CH2O H2O Loading [molH2O/kgSorbent]
A ZEF’s Constant [-]
Vtotal Total sorbent volume [L]
PRecyclePump Power Recycle Pump [W]

The outputs of the absorber model, as shown in figure 4.1, are the following:

• Space Time Yield (CO2 Capture Performance): based on the sorbent’s viscosity, ambient tem-
perature, number of mass transfer elements, and the driving force (VLE loading and CO2 loading
difference), the Space Time Yield of the process is determined at any moment.
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• Sorbent Composition: based on the Space Time Yield, the absorber area and the time of the
process, the final sorbent composition (CO2 Loading and H2O Loading) is determined.

• Sorbent Flow rate: based in the power supplied to the recycle pump and the sorbent viscosity,
the mass flow rate of the sorbent is determined.

Table 4.4: Absorber Model Outputs

Symbol Output Parameter Unit
STY Space Time Yield [molCO2/m3 s]
CCO2 CO2 Loading [molCO2/kgSorbent]
CH2O H2O Loading [molH2O/kgSorbent]
ṁrecycle Recycle Stream Flow Rate [kg/s]

4.1.4. Model Description
The absorber model workflow (for one iteration), as seen in figure 4.6, is as follows:

1. Weight Percentages: with the sorbent type and initial sorbent composition, the weight percent-
ages of each component (TEPA, PEG, CO2, H2O) are computed.

2. Viscosity: with the sorbent temperature, and the weight percentage of each component, the
viscosity of the sorbent is determined through a neural network fit of measured viscosities during
experiments (see appendix D).

3. VLE Loading: with the H2O loading and sorbent temperature, the VLE CO2 loading is computed
through the corresponding sorbent VLE curves.

4. Recycle Pump Flow Rate: with the sorbent’ viscosity and the power supplied to the recycle
pump, the total mass flow rate is computed.

5. Mass Transfer Elements: with the total mass flow rate, and the viscosity of the sorbent, the
mass transfer is computed.

6. Space Time Yield: with all the required parameters, it is now possible to compute the Space
Time Yield of the process.

7. Final Sorbent Composition: with the process’ STY, absorber length and time elapsed, it is
possible to determine the amount of CO2 captured. Then, combined with the total volume, the
final sorbent composition (CO2 Loading and H2O Loading) is computed.

The final composition can then be sent back as an input and the model computes the new Space
Time Yield. This can be performed for varying temperatures as well.
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Figure 4.6: Absorber Model Description

4.2. Stripper Model
The stripper model used during this thesis the result of the work performed by Dubhashi [69], Vidyarthi
[71], and other previous efforts performed by former members of ZEF. A brief explanation will be given,
but for detailed presentation of the stripper model please refer to the work of the aforementioned au-
thors.
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Figure 4.7: DAC Stripper Model

4.2.1. Model Assumptions
The assumption pertaining the stripper model are the following [69][71]:

• The column is assumed to operate in equilibrium. Vapor Liquid Equilibrium is established in
each stage.

• Sorbent mixture is assumed to be non-volatile. Neither TEPA nor PEG evaporate, meaning
that product gases are only CO2 and H2O.

• No pressure drop in the stripper column. Each stage works at the same pressure.
• Sorbent properties are constant. Specific heat capacity and heat of desorption of different
components do not vary.

4.2.2. Model Inputs and Outputs
The model inputs, as shown in figure 4.7, are the following:

• Number of Stages: number of stages that compose the stripper column.
• Reflux Ratio: amount of water sent back to the stripper column after the top stage.
• Temperature Reboiler: temperature set for the reboiler at the bottom of the stripper column.
• Temperature Feed Stream: temperature at which the feed stream enters the stripper column.
• Pressure: pressure at which the regeneration process takes place.
• Rich CO2 Loading: CO2 loading of the rich sorbent entering the stripper column.
• H2O:TEPA Weight ratio: amount of water in the sorbent entering in the stripper column.
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Table 4.5: Stripper Model Inputs

Symbol Input Parameter Unit
nstages Number of Stages [-]
rratio Reflux Ratio [-]
Treboiler Temperature Reboiler [◦C]
Tfeed Temperature Feed stream [◦C]
P Column Pressure [mbar]
Lrich CO2 Rich Loading [molCO2/kgTEPA]
RH2O:TEPA Weight Ratio H2O [kgH2O/kgTEPA]

The model outputs, as shown in figure 4.7, are the following:

• Product Ratio: H2O:CO2 ratio in the top product obtained from the regeneration process.
• Lean Sorbent Composition: sorbent composition (CO2 and H2O loading) after the regeneration
process.

• Cyclic Capacity: amount of CO2 desorbed during a single cycle in the stripper.

Table 4.6: Stripper Model Outputs

Symbol Input Parameter Unit
H2O:CO2 Top Product Ratio [-]
Llean CO2 Lean Loading [molCO2/kgTEPA]
RH2O:TEPA Weight Ratio H2O [kgH2O/kgTEPA]
CC Cyclic Capacity [molCO2/kgTEPA]

4.2.3. Model Description
For a detailed description of how the stripper model works, please refer to the works of Dubhashi[69]
and Vidyarthi [71].

4.3. Models Application
Both the Absorber and Stripper models are applied in order to determine the specific sorbent perfor-
mance, and as a consequence, the overall system performance. The way both models are used is as
follows:

1. The Absorber Model is ran in order to plot the STY vs Rich loading curves of the chosen sorbent
and the given environmental conditions.

2. The Absorber Model is ran in order to obtain the VLE loading at the given conditions.
3. For the same sorbent, the stripper model is ran at given stripping conditions to determine the lean

loading that is possible to be achieved.
4. The working envelope of the system, in terms of CO2 capture, is established. The lean loading of

the stripper model represents the left most limit of the envelope, while the VLE loading represents
the right most limit of the envelope.

5. The user can now select a rich loading within the working envelope. With this selection, the STY
of the Absorber and the Cyclic Capacity of the process are fixed.

In a few words, the models used in this thesis allowed to create the direct air capture cycle:
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Figure 4.8: DAC Cycle

(Note: units in y-axis not fully shown due to intellectual property concerns)
The DAC cycle is presented in figure 4.8, where three lines are introduced: the sorbent line, the

absorber line and the stripper line.

• The Sorbent line is set by the sorbent type and its characteristics, and sets the achievable per-
formance in terms of CO2 capture. The higher the sorbent line is, the better the carbon capture
performance of the system is.

• The Absorber line is set by the maximum possible CO2 loading of the process, which corre-
sponds to the Vapor Liquid Equilibrium loading.

• The Stripper line is set by the regeneration process and its parameters, and represents the
lowest lean loading attainable in the stripper column.

The area enclosed by the three lines is considered to be the working region of the DAC cycle. By
choosing a rich loading to work with, the user defines the cyclic capacity of the system and all of the
process parameters can be determined as explained in chapter ??.



5
Results and Discussion

In this chapter, the experimental characterization results of the 10X DAC system are presented, and
the established research questions for the characteristics of the system are answered.

5.1. Experimental Characterization
Q: What are the characteristics of ZEF’s 10X DAC system and how does it compare to the ex-
pected performance/model predictions?

The experimental characterization of the 10X DAC prototype, as introduced in section 3.2, had the
goal of determining the absorption, desorption and full system characteristics of the built prototype
during this thesis. For ease of understanding, the results of the experiments, and thus the answer to
the first research question, will be given for each part of the experimental plan.

5.1.1. Absorption Characteristics
The characteristics of the absorption process in the absorber column are not only important to determine
the performance of this component, but also to gain knowledge into how the whole direct air capture
process actually works and be able to optimize the process later on. With this in mind, the following
characteristics of the 10X DAC absorption process were looked at in detail: CO2 vs H2O capture in
the column, Air side vs Liquid side limitations, and the carbon capture capacity.

H2O vs CO2 capture
In the absorber column, both H2O and CO2 are captured by the sorbent. Understanding which one of
the two capture processes is the limiting one is of importance in order to determine in which process
should optimization efforts be focused.

Figure 5.1 shows that the CO2 capture process is the limiting one in the absorber column of the
10X DAC. This can be seen by the fact that the CO2 loading takes about 14 hours to reach VLE values,
while the H2O loading within the first 2.5 hours can be seen to reach a maximum (assumed to be VLE
for that given moment) and then starts to respond to absolute humidity changes in the environment.
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Figure 5.1: CO2 and H2O capture over time

Liquid side vs Air side limited behavior
Determining whether the system is liquid side or air side limited is crucial to build a better understanding
of the chemical absorption process taking place in the absorber column. Knowing whether the process
is liquid or air side limited allows to focus the optimization efforts in a single component instead of both.

Figure 5.2 shows the 10X DAC CO2 capture performance as a function of the driving force of the
process (i.e. concentration gradient). An air side limited process would experience no change in the
magnitude of the STY as the driving force decreases. However, shown in figure 5.2, a decreasing trend
in STY with a decreasing driving force can be seen. This suggests that the chemical absorption
process is liquid side limited.
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Figure 5.2: CO2 capture capacity versus concentration gradient

CO2 Capture Capacity
The CO2 capture capacity of the absorption column is one of the major performance indicators of the
process, if not the biggest. Determined through the Space Time Yield of the system, this gives an
indication of how much CO2 the process is capable of removing.

Figure 5.2 is used again to determine the capture capacity of the system. As it can be seen, the
highest achieved space time yield in the process was 2.7e-3 molCO2/m3·s. This is about 50% of
the expected performance as predicted through the miniDAC experiments and for which the system
was designed for.

The under-performance of the 10X DAC absorption column is explained by the poor sorbent distribu-
tion and the suspected poor distribution of air. The sorbent did not get distributed in the entire absorber
column area, which means than the actual mass transfer area during experiments was smaller than
designed for.

Furthermore, experiments performed in the miniDAC were inside the lab, where temperature was
kept constant and at about 20◦C [50] [40]. During the 10X DAC characterization, temperatures as
high as 32◦C were experienced, which have a huge effect in the VLE loading of the sorbent as will be
explained in section 5.2.

Figure 5.3 shows a carbon capture capacity comparison between ZEF’s 10X DAC process and
other companies, where units have been modified in order to show the capture capacity per volume of
the absorber column and hour. It can be seen that ZEF’s first prototype has a higher volumetric capacity
(0.52kgCO2/m3·hr) than a very well established company like Carbon Engineering (0.40kgCO2/m3·hr),
and it is within striking distance to Climeworks (0.85kgCO2/m3·hr).
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Figure 5.3: CO2 capture capacity comparison

(Note: ZEF’s capture capacity is based on the volume of the air-liquid contactor section. Other
companies’ capture capacities are as reported by Brilman [10])

Also shown is figure 5.3 is the volumetric capacity of the University of Twente DAC prototype, which
uses a novel radial flow fixed bed as an air-sorbent contactor, and furthermore uses a primary amine
based sorbent. The reported results are based in an lab scale experimental set-up where adsorption
experiments were performed under controlled and constant conditions [79]. The reported volumetric
capacity is considerably superior to any other company in figure 5.3, however the performance of this
system stills needs to be proved at larger scales and dynamic environmental conditions. Thus, it is
not fair to compare University of Twente’s experimental set-up performance to that of the full scale
prototypes of the other companies.

5.1.2. Desorption Characteristics
The performance of the regeneration process is mainly characterized by how lean the stripper column
is capable of making the sorbent before it leaves the reboiler stage. Dubhashi [69] and Van de Poll [68],
as well as literature sources, have determined that the regeneration process is mass transfer limited
by the diffusion of CO2, and H2O, through the sorbent to the top of the stripper were finally it becomes
a gas product.

Being a diffusion limited process, the characterization of the stripper column consisted in determin-
ing how much time is required for the sorbent to reach VLE loadings, or close to, before leaving the
column at the reboiler stage.
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Figure 5.4: Lean loading as a function of the residence time in the stripper

As shown in figure 5.4, residence time as low as six minutes proved to be enough time for
the desorption process to reach practically VLE loadings. Which means that the stripper column
configuration used performed very well for the residence times tested during experiments.

It is important to mention that during experiments the regeneration temperature was fixed at 120◦C
in order to test only the effects of varying the time spent by the sorbent in the column.

5.1.3. Full System Characterization
The full system (i.e. Absorption and Desorption) characteristics allow to determine and understand
the overall performance of the 10X DAC prototype. The performance of the full system was evaluated
mainly through the CO2 production achieved, and the overall energy demand of the process. Fur-
thermore, being a special performance indicator by ZEF, the H2O to CO2 ratios achieved were also
determined. The performance of the Rich-Lean heat exchanger was closely looked at to determine the
performance of the heat integration network.

CO2 Output
The CO2 produced by the 10X DAC prototype is a result of the combined performance of the absorber
column, and the regeneration process. Since the prototype is used as a Carbon Capture and Utilisation
system, it is of importance to determine how much CO2 becomes available to be used later on.

Table 5.1: CO2 production

Stripper Flow Rate [ml/s] 3.81 4.41 5.00
Rich Loading [molCO2/kgSorbent] 0.36 0.32 0.28
Cyclic [molCO2/kgSorbent] 0.33 0.30 0.26
CO2 Output [molCO2/s] 1.255e-3 1.28e-3 1.23e-3
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As shown in table 5.1, The 10X DAC achieved a CO2 production of up to 1.28e-3 molCO2/s,
which is about half of the 2.17e-3 molCO2/s it was designed for. The reason for this is the under-
performance of the absorber column, where only 50% of the designed carbon capture capacity was
reached.

It is also worth mentioning that regardless of the stripper mass flow rate (i.e. the residence time)
the CO2 output remained somewhat constant (≈3.5% variation). This is explained by the fact that the
residence times tested during experiments were enough to reach practically VLE loadings (see figure
5.4). Thus, the change in mass flow rate reflected only in the rich lean loading entering the stripper
column, adjusting the cyclic capacity to reach similar productions.

H2O:CO2 Ratio
The methanol sysnthesis reaction of ZEF’s micro-plant requires a H2O to CO2 ratio of at least 3:1 in
order for the reaction to take place. For this reason, understanding the ratios achieved by the 10X DAC
was of vital importance.

Table 5.2: Product Ratio

Stripper Flow Rate [ml/s] 3.81 4.41 5.00
Water Loading [molH2O/kgSorbent] 8.73 11.43 10.66
H2O:CO2 [-] 1.05 4.68 2.49

As shown in table 5.2, for a fixed regeneration temperature, H2O:CO2 ratios of 3:1 are achievable,
but no trend is seen with the stripper flow rate. What was noticed is that the top product ratio is linked
to water loading of the sorbent entering the stripper column; which is an effect of absolute humidity as
will be discussed in section 5.2.

Rich-Lean Heat Exchanger
In an effort to reduce the sensible heat requirements in the regeneration section, and thus reduce the
overall energy demand of the process, the Rich-Lean Heat Exchanger was installed in order to make
use of the available heat in the lean sorbent leaving the stripper column to pre-heat the rich sorbent
about to enter the column. Determining the performance of this component was crucial to understand
the energy savings it provided and if its full potential was being used.

Figure 5.5 represents a snapshot of the steady state operation of the rich-lean heat exchanger.
Quite noticeably is the poor performance of this component with a heat transfer coefficient below 5
W/m2K and an efficiency below 15%, saving only 180 W (3.2 MJ/kgCO2).
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Figure 5.5: Heat Exchanger Characteristics at Steady State

The Rich-Lean heat exchanger was purchased from Alfa-Laval, so the design itself is not suspected
to account for the poor performance. The reasons for the experienced results could be related to
commissioning/installation of this component. It is suspected that air pockets are present between the
plates, which would reduce the overall heat transfer area. Also, the poor performance could be linked
to flashing in the cold sorbent stream. However, no solid conclusions could be drawn as to why the
heat exchanger performance was this low.

Overall Energy Demand
How efficient the CO2 capture process of the prototype is can be determined through the overall energy
demand of the system, which can be divided in the following parts: sensible heat, heat of desorption,
power demand of actuators, heat loses and reflux (additional sensible). Determining which component
of the overall energy demand accounts for the biggest portion allows to identify which parts of the
system should the optimization effort be focused on.

Figure 5.6 shows a break down of the overall energy demand for the three different stripper mass
flow rates (i.e. residence times) tested during experiments; all carried at the same regeneration tem-
perature. Furthermore, the expected/designed for energy demand is also presented for comparison.
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Figure 5.6: Energy Demand Process per molCO2 produced

Quite noticeably is the big difference between expected energy demand and the determined one
during experiments. Overall, The 10X DAC has an energy demand per kg of CO2 of up to 33 MJ,
which is 3.3 times higher than it was designed for.

Through figure 5.6 the two main culprits of the deviation between design and measured energy
demand are identified: the heat losses and the sensible heat requirement. Such high heat losses are
product of a poor insulation in the column. The sensible heat losses being so much higher than the
designed value correspond to the poor performance experienced in the Rich-Lean Heat Exchanger.

In figure 5.7 a comparison between ZEF’s process energy demand and that of other companies is
given. It can be seen that ZEF’s process has a higher energy demand than other companies, being 6.8
times higher than the most energy efficient reported process (Carbon Engineering [10]). However, the
10X DAC is the first full scale prototype of ZEF’s DAC process, while companies like Climeworks and
Carbon Engineering have had full scale working prototypes since 2015[18][64]. The fact that the first
ZEF prototype energy demand is within the same order of magnitude as more established companies
shows the potential of the 10X DAC process.
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Figure 5.7: Demand comparison with other companies

(Note: Other companies’ energy demands are as reported by Brilman [10])

5.1.4. Characterization Summary
• The CO2 capture capacity and CO2 output of the 10X DAC are both half of what it was
designed for. Under design conditions, the 10X DAC has a STY of 2.7e-3 molCO2/m3·s and a
CO2 output of 0.00128 molCO2/s.

• The 10X DAC process is liquid side limited, which is consistent with other processes in industry.
• Residence times as low as six minutes proved to be enough time for the lean sorbent to
reach practically VLE loadings, meaning that lower residence times could potentially be used.

• H2O:CO2 ratios above 3:1 were achieved. However, this seemed to be linked to the water
loading of the sorbent entering the stripper column and not to process parameters.

• The Rich-Lean Heat Exchanger performed poorly, with a heat transfer coefficient below 5
W/m2K and an efficiency below 15%. Commissioning reasons are suspected to be the culprits
of the experienced performance.

• The energy demand of the process is 28-33 MJ/kgCO2, which is up to 3.3 times higher than
the design value.

5.2. Environmental Conditions effects
Q:What is the effect of environmental conditions in the performance of ZEF’s 10X DAC system?

One of the main advantages of DAC units is that they can be installed literally anywhere, which
means that they can be exposed to different environmental conditions. Because of this, it is of extreme
importance to understand how the DAC process is affected by the location. To do so, during this thesis
focus was given to determine the effects of ambient temperature and absolute humidity on the DAC
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cycle (introduced in section 4.3). More specifically, how the working envelope of the DAC process was
affected by environmental conditions was determined.

Figure 5.8: DAC Cycle Base Case

(Note: units in y-axis not fully shown due to intellectual property concerns)
Figure 5.8 represents the base case of the DAC cycle, and will allow to better understand the

effects of varying temperature and varying absolute humidity. First, effects of changing temperature
will be determined in how the Sorbent, Absorber and Stripper lines are affected, and what it means to
the DAC process. Then, a similar study of varying absolute humidity will be done.

5.2.1. Ambient Temperature Effects
The effect of ambient temperature was studied while keeping the water loading in the sorbent constant.
Three temperatures were studied, which represent the extremes of the temperatures experienced dur-
ing experiments, and a middle value for ease of comparison.

Figure 5.9 shows how temperature affects the DAC cycle. To begin with, it is noticed how higher
temperatures shift the sorbent line downwards; which means a decrease in the performance of the
absorption column and a reduction of the working envelope. For the same rich loading, working at a
higher temperature translates to a lower space time yield. Higher temperatures also shift the absorber
line to the left, further decreasing the working envelope. Finally, it can be seen that ambient temperature
has no effect in the stripper line as the regeneration process takes place at much higher temperatures.

Overall, it is concluded that temperature variations affect the performance of the absorption
column while effecting no direct influence in the regeneration process. So, when designing the
absorber column special care should be given to the expected temperatures to be experienced.
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Figure 5.9: Temperature effects in DAC cycle

(Note: units in y-axis not fully shown due to intellectual property concerns)
Temperature effects in the absorption performance are better understand through CO2 VLE loading

changes. As seen in figure 5.10, a 5◦C temperature variation can lower the CO2 VLE loading of
TEPA:PEG 1:2.5 as much as 38%; which is a significant reduction in the driving force of the process.
As explained in section 4.1, the driving force (i.e. difference between VLE loading and current loading)
is one of the main drivers in the performance of the absorption column, which explains why 5◦C has
such negative impact in the STY.

It is important to acknowledge that higher temperatures do bring a decrease in viscosity, however it
seems that VLE loading is more sensitive to temperature changes than viscosity, and thus the overall
effect is negative in the absorption performance.
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Figure 5.10: Temperature Effect in VLE

5.2.2. Absolute Humidity
The effect of absolute humidity was studied while keeping the temperature of the process constant.
First, the effect of absolute humidity was studied in terms of how the water loading in the sorbent
varied. Then, the effect of water loading (already linked to absolute humidity) on the DAC cycle was
studied.

As seen in figure 5.11 absolute humidity increase has a positive effect in the water loading of the
sorbent; the more water present in the ambient, the higher the water loading in the sorbent. This
understanding helps to explain the results seen in the H2O:CO2 ratios (see table 5.2), if not enough
water is present in the environment the required ratio can’t be accomplished without some sort of control
scheme.

Now that the effect of absolute humidity in the water loading of the sorbent has been established, the
effect of the latter is studied in the DAC cycle. To do so, the effect of three different water loadings, which
represent the two extremes observed during experiments and a middle value for ease of comparison,
was determined.
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Figure 5.11: Absolute humidity effect in water loading

In figure 5.12 several things can be observed. To begin with, it can be seen that varying water
loadings in the sorbent have a negligible effect in the sorbent line when compared to temperature
effects; with a magnitude change in STY not greater than 4%. A similar conclusion can be drawn for
the absorber line, where the change in water loading brings only about 5% difference in the VLE loading.
Overall, the influence of absolute humidity in the absorption process is negligible.

On the other hand, water loading, and thus absolute humidity, plays a significant role in the perfor-
mance of the regeneration process as it can be seen that the stripper line is shifted considerably. When
the water loading in the sorbent drops by 2 mols per kg sorbent, the stripper line shifts right, and the
working enveloped is reduced; with the achievable lean loading increasing by more than 60%. This is
explained by the CO2 VLE curves in the reboiler stage, with less water available to be desorbed, the
partial pressure of CO2 in this stage increases, and thus the CO2 loading of the sorbent leaving the
stripper column increases as well (see Appendix D figure ??)
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Figure 5.12: Water Loading Effect in the DAC cycle

(Note: the crossings in the STY curves may not be physical, and are explained by the limited range
of the viscosity neural network; more work is to be performed in the viscosity neural network to increase
the range)

(Note: units in y-axis not fully shown due to intellectual property concerns)
Overall, it is concluded that absolute humidity variations affect the performance of the regener-

ation process, with negligible effects on the absorption column. This means that when designing
the regeneration process, specially the stripper column, attention should be given to the expected ab-
solute humidity.

5.2.3. Environmental Conditions Effect Summary
• Temperature variations play a significant role in the absorption process, while having no
effect in the regeneration process. This is mainly explained by important changes in the CO2
VLE loading of the sorbent when temperature increases or decreases.

• Absolute Humidity variations are negligible in the absorber column, but play a significant
role in the performance of the regeneration process. This is explained by the increase/decrease
of CO2 partial pressure in the reboiler stage of the stripper column, and thus an increase/decrease
of the loading leaving the column.

• TEPA:PEG 1:2.5 favors colder humid climates, with a better performance in all the aspects of
the DAC cycle.

5.3. Sorbent Comparison
In section 5.2, it was shown that TEPA:PEG 1:2.5’s CO2 VLE loading is very sensitive to temperature
changes. Available data from previous experiments at ZEF allowed to make a comparison between
the 10X DAC’s sorbent and pure TEPA in terms of CO2 VLE loadings for same environmental condi-
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tions. Through this comparison, it was expected to understand which sorbent would be better for the
conditions experienced during experiments.

Figure 5.13: Vapor liquid equilibrium loading comparison

As shown in figure 5.13, pure TEPA’s CO2 VLE loading is much less sensitive to temperature vari-
ations when compared to TEPA:PEG 1:2.5. This suggest that interactions between TEPA and PEG
affect the CO2 VLE loading reaction to temperature variations, which means that the role of PEG
in the sorbent is not that of a simple diluent; something that needs to be further researched.

Furthermore, the carbon capture capacity and the viscosity of both sorbents were also studied
for comparison. In figure 5.14, the STY and viscosity of both sorbents for the same conditions are
plotted, alongside with their corresponding stripper lines. It can be seen that although less sensitive to
CO2 VLE changes with temperature, pure TEPA STY is lower within its working envelope (to the right
of the stripper line) and its viscosity is extremely high when compared to TEPA:PEG 1:2.5 at same
temperature and absolute humidity.
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Figure 5.14: STY & Viscosity comparison

From the obtained results, it is concluded that neither pure TEPA nor TEPA:PEG 1:2.5 are ideal
sorbents for environmental conditions as the ones experienced during the 10X DAC experi-
ments. On one hand, TEPA:PEG 1:2.5 is too sensitive to temperature variations in its VLE loading
and thus its performance is greatly affected. On the other hand, pure TEPA showcases viscosities that
simply can’t be handled by the sorbent distribution system, and its carbon capture performance is no
better than that of TEPA:PEG 1:2.5’s.



6
Conclusions & Recommendations

6.1. Conclusions
Reflecting back in the scope and research questions of this thesis, the main conclusions are presented
in this section. To begin with, the rewards of the built and commissioning effort are presented. Then
the main learnings of the characterization experiments are revisited alongside with the environmental
effects main conclusions. Finally, the main takeaways of the optimization process are given.

6.1.1. Built/Commissioning of the 10X DAC
The prototype built during this thesis is a fully functional direct air capture system capable of work-
ing in a continuous process. The shortcomings of the first generation of the 10X are mainly in the
sorbent distribution system, and the energy demand of the process, and should be addressed in future
work by ZEF.

6.1.2. System Characteristics
Q: What are the characteristics of ZEF’s 10X DAC system and how does it compare to the ex-
pected performance/model predictions?

The characterizations experiments performed not only allow to determine the performance and
energy efficiency characteristics of the built prototype, but also gave significant insights into the DAC
process in the system. Overall, the main takeaways from the experimental characterization are the
following:

• CO2 capture is the limiting process in the absorption column. Compared to H2O capture,
the CO2 capture is much slower and thus optimization efforts should always focus in this part of
the process.

• The CO2 capture process is liquid side limited. Literature suggests that mass transfer is the
limiting step when compared to CO2 capture kinetics, so efforts to reduce diffusion limitations
should always be prioritized.

• The CO2 capture capacity of the current 10X DAC is 2.7e-3 molCO2/m3·s, which is roughly
50% lower than designed for. The experienced lower performance is product of a poor sorbent
distribution system, and the high temperatures of the Dutch summer.

• Residence times as low as six minutes proved enough time to reach VLE loadings in the re-
generation process, which means the current configuration in the stripper column’s performance
is satisfactory.

• H2O:CO2 ratios in the product stream are highly dependent on the absolute humidity in the
environment while the regeneration temperature is constant. So a control scheme is required if
the obtained product ratios are to be controlled.

• The energy demand experienced during experiments was 1200-1400 kJ/molCO2, with sen-
sible heat requirements and heat losses representing the biggest portion of the total energy de-
mand.
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• Without a sorbent change, the energy demand of the process can be greatly optimized by
addressing the sensible heat demand in the regeneration section.

• The volumetric capture capacity is currently higher than Carbon Engineering’s and is within
striking distance of that of Climeworks.

• The current energy demand is 5 times higher than that of well established companies such
as Climeworks and Carbon Engineering. However, the fact that ZEF’s first prototype is in the
same order of magnitude in energy demand compared to companies working in the field for a
longer time is promising.

6.1.3. Environmental Conditions Effects
Q:What is the effect of environmental conditions in the performance of ZEF’s 10X DAC system?

The characterization experiments also allowed to gain insights into the effects of environmental
conditions in the DAC process. Specifically, the effects of ambient temperature and absolute humidity
were determined through the presented DAC Cycle diagram. Overall, the main conclusions are the
following:

• Ambient Temperature influences the absorption process only, while Absolute Humidity af-
fects mainly the regeneration process. Hot and dry environmental conditions represent the
worst case scenario for the DAC cycle in terms of performance and the size of the working enve-
lope.

• The CO2 vapor liquid equilibrium loading of TEPA:PEG sorbent is very sensitive to Ambi-
ent Temperature, with up to 38% reduction with a temperature increase of 5◦C. The effect of this
is the reduction in performance of both the sorbent and the absorption column.

• The Absolute Humidity greatly influences the H2O VLE loading of the sorbent, with more
water present in the environment the sorbent is capable of increasing its water loading.

• The water loading in the sorbent entering the regeneration process highly affects the CO2
lean loading attainable in the stripper column, with higher water loading the more lean the
sorbent can be made in terms of CO2. This is explained by the CO2 partial pressure reducing in
the reboiler stage when more water is present.

• Water loading (i.e. absolute humidity) dictates the top product H2O:CO2 ratio. If the ab-
solute humidity is not enough, the process can’t reach the required top product ratio without a
control scheme.

• The DAC cycle is affected by both Temperature and Absolute Humidity. Temperature shifts
the sorbent line up and down, and the absorber line left and right. Absolute humidity has a neglible
effect in both the sorbent and absorber lines, but shifts the stripper line left and right.

6.1.4. Optimized 10X DAC System
Q: How would an optimized DAC system design look like?

Through the optimization process, several things where noted about the overall DAC process of the
10X DAC.

• Neither pure TEPA nor TEPA:PEG 1:2.5 are the ideal sorbents for hot and dry weather con-
ditions. TEPA capture performance and viscosity are not acceptable for the 10X DAC process,
while TEPA:PEG 1:2.5 is too sensitive to temperature shifts in its carbon capture performance.

• CaPex parameters and energy demand parameters act against each other when optimizing
the system. Designing for a small prototype carries a negative penalty in overall energy demand
of the process, while designing for a target energy demand translates to a bigger absorption
column.

• Without changing the sorbent used, sensible heat demands bring the biggest possible sav-
ings in the overall energy demand of the process.

• The optimized energy demand reduces the difference compared to other companies sig-
nificantly, with an potential overall energy demand of 13 MJ/kgCO2.
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6.2. Recommendations
The first version of the 10X DAC unit gave many insights into the whole process, but also opened the
team’s eyes into aspects that were not fully tackled during the work of this thesis. For this reason,
recommendations for future work are given. For ease of understanding, the recommendations will be
given in terms of: process design, and model development.

6.2.1. Process Design Recommendations
Although great knowledge was developed through this thesis regarding the direct air capture process,
still a lot of work is to be done to fully understand everything behind a DAC unit. The recommendations
for future work on the 10X DAC process will be given for each component of it: sorbent, absorber,
stripper, and other overall recommendations.

Sorbent
• Research on different TEPA:PEG ratios: the current ratio’s VLE loading sensitivity to temper-
ature changes represent a big challenge to the process’ performance. Pure TEPA has a better
response in terms of VLE loading, but its viscosity changes cant be managed by the system.
There may be an optimal TEPA:PEG ratio at which the sensitivity to temperature in terms of VLE
and viscosity is acceptable.

• TEPA and PEG interaction: it was assumed that PEG served only as a diluent for the sorbent,
however the difference in VLE response to temperature between pure TEPA and TEPA:PEG
indicate that the interaction between both is more complex than that. Research should be done
to understand what actually happens between the two components, and how this affects the
performance as a CO2 sorbent.

• Sorbent’s lifetime characteristics: the selection of the optimal sorbent cannot be only based
on its performance and response to dynamic conditions, but also to the lifetime characteristics.
Research should be done in the effects of thermal and oxidative degradation in the sorbent used
under 10X working conditions (i.e. varying environmental conditions, regeneration temperatures,
etc).

Absorber Column
• Air distribution in column: the low pressure drop of the column, coupled with the high inertia
of the air stream, may lead to empty pockets being formed in the column. Air flow distribution
studies should be performed to see if this is the case, and the inlets and outlets design should be
revisited in order to guarantee air is distributed in the entire column.

• Column enclosure: the current enclosure proved to sensitive to thermal expansion effects, and
had to be constantly re-sealed. It is recommended that a new enclosure is designed which doesn’t
suffer from thermal effects as much as the current one.

Stripper Column
• Packing density: in this thesis the effect of the packing density was not studied. Research should
be done on the effects of different packing densities in terms of the mass transfer performance,
as well as the pressure drops experienced in the column.

• Residence time: the residence times tested during this thesis proved to be enough time for VLE
loadings to be reached in the regeneration process, lower residence times should be tested to
see below which the VLE loading is no longer achieved and mass transfer limitations become
significant.

• Stripper insulation: the heat losses in the stripper column represent a much bigger than accept-
able part of the overall energy demand, so research into how to improve the insulation should be
carried to greatly reduce this energy demand component.

• Reflux Ratio: this thesis did not make use of the reflux condenser, thus no results in its effect
were obtained. The reflux condenser has been used by ZEF as a gas wash-up stage, so it is
necessary to study how this would perform in the 10X system.

• Total Condenser design: it was noticed during experiments that not all the product stream was
condensed before entering the flash tank, and thus H2O entered the CO2 line. The design of the
condenser should be revisited in order to give the required cooling power.
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• Higher feed temperature: in the optimized design the feed temperature is capped at 95◦C due
to concerns of desorption in the rich-lean hex mainly. The possibility of going for higher feed
temperature should be researched due to the potential savings in sensible heat demand.

Other
• Rich-LeanHex: the root cause of the poor performance of the rich-lean hex should be determined
in order to be able to use the full potential of this component and increase the overall energy
savings in term of sensible heat demand.

• Electric Heater: instead of the external oil bath for the thermosyphon heating, it would be inter-
esting to study the possibility of implementing electric heaters. This could not only improve the
efficiency, but also allows for a better regeneration temperature control.

• CO2 output sensors: the 10X was originally designed to have digital sensor in the CO2 outlet
of the flash tank, however the pressure drop induced by the sensor negatively impacted the
process. An in-line measuring mechanism should be deviced in order to give reliable physical
measurements of the CO2 production.

• Controlled water discharge: the H2O production of the 10X could be automatically measured
if a solenoid valve was installed at the outlet of the flash tank. It is recommended to implement
such system in order to get more reliable H2O production measurements.

• CO2 product purity: the purity of the CO2 product is of interest both for ZEF’s process and other
uses of the gas a raw product, which means that the purity of this product should be determined
in order to evaluate its feasibility as a raw material.

• Unwanted emissions in product stream: throughout this thesis it has been assumed that both
TEPA and PEG are non-volatile, however this is not the case. Research should be performed
into whether or not unwanted emissions, like ammonia, are present in the product stream.

6.2.2. Model Development Recommendations
The developed absorber model of this thesis should be seen as the basis for the development of a
thorough absorption model in ZEF’s process. With that in mind, the following recommendations are
given:

• H2O Capture: the developed model assumed a VLE and constant loading of H2O in the sorbent
composition. A function for the H2O capture of the process should be implemented in which
changes in the environmental conditions and sorbent properties are taken into consideration in
terms of water capture.

• Viscosity range: the neural network fit of the developed model is limited to the experienced
viscosity during experiments. The range should be expanded to include viscosity beyond these
limits in order to give more reliable results of the process.

• Sorbent temperature: the effect of the exothermic CO2 capture process in the sorbent temper-
ature should be studied. The current model showed how influential a couple of degrees can be
in the overall performance, so the assumption of the sorbent having the same temperature as
ambient air could give misleading results.

• Experimental constant validity: the experimental constant used in the model is assumed to be
applicable to any type of sorbent. It is necessary to determine the constant through the results of
other sorbents in order to validate this assumption.

• Sorbent degradation: once the degradation mechanisms are better studied, a model for the
degradation of the absorber should be incorporated into the overall model. This would allow to
understand the performance of the process over time.

• Connected model: the absorber model developed in this thesis should be implemented into
the models developed by ZEF (sump, stripper, flash tank) in order to understand the overall
performance of the entire system under dynamic conditions.



A
Measurement Equipment

A.1. Fourier-Transform Infrared Spectroscopy
As mentioned in chapter 3, an Agilent Cary 630 FTIR machine (figure A.1) was used to analyse the
sorbent samples collected during experiments. The working principle of such a machine is the interac-
tion of infrared light with matter, which is absorbed at specific frequencies (or wavelengths) based on
the molecular bonds present in the sample and the types of atoms present at the end of the bonds [61].
When molecules present in the sample absorb the infrared light, its bonds vibrate; these vibrations can
either stretch, bend and/or wag the functional group [1].

Figure A.1: Agilent Cary 630 FTIR machine

An FTIR uses an interferometer, which consists of a source, beam splitter, two mirrors, a laser and
a detector. The steps of how the process works are as follow: [61]
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1. Infrared energy is emitted from the source and the beam passes through an aperture which con-
trols the amount of energy.

2. The beam now enters the interferometer were the spectral encoding takes place.
3. The beam enters the sample compartment, where specific frequencies of energy are absorber by

the sample depending on the present molecules.
4. The beam finally reaches the detector for final measurement.
5. Fourier Transform is applied to the signal and a final spectrum is obtained.

Figure A.2: Working principle of an FTIR machine [61]

Thanks to the maturity of this technique, information on the absorbance and corresponding wave-
length of covalent bonds is readily available. Furthermore, information on chemical compounds such
as CO2 is also known [63].

During his thesis work, Sinha [57] developed a method to quantify the amount of each component
in the obtained spectrum from the FTIR analysis. To do so, a software tool called ”TQ Analyst” was
used to process the information from the FTIR spectrum.

The TQ Analyst software was calibrated using reference samples with known concentrations of
TEPA-PEG-H2O-CO2. By calibrating the software to translate the peak heights, width, location and
area of the known spectra to the components present and its quantities, it was possible to know quantify
unknown spectra of similar samples.

It is is important to acknowledge though that the calibration only works when the sample has the
chemical compounds for which it was calibrated for. Thus, if any other chemical compounds are present,
the reliability of the measured quantities goes significantly down. This is something to keep in mind
when degradation products begin appearing in the sorbent.

For details on how the calibration was performed, please refer to the work of Sinha [57].

A.2. CO2 Concentration Measurements
The CO2 concentration in the air stream entering and leaving the absorber column wasmeasured using
K30 10,000ppm sensors placed in each inlet and outlet, with a measurement accuracy of ±30ppm.
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Figure A.3: K30 10,000ppm CO2 sensor

A.3. Humidity Measurements
For the measurement of absolute humidity in the ambient, a Adafruit Sensiron SHT31-D Temperature &
Relative Humidity sensors were used, with a measurement accuracy of ±0.3◦C and ±2% respectively.
The measured values when then used to compute the absolute humidity in g/m3

Figure A.4: Adafruit Sensiron SHT31-D sensor.

A.4. Pressure Drop Measurements
For the measurements of the pressure drop across the different components in the system (absorber
column, fans, flash tank), Honeywell Differential Pressure (26PCAFA6D) sensors were used, with a
measurement accuracy of ±0.25%.

Figure A.5: Honeywell Differential Pressure Sensor (26PCAFA6D)
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A.5. Temperature Measurements
For the measurement of temperature at different points of the set-up, Tegg NTC 3950 100K Thermistors
Temperature sensors were used, with a measurement accuracy of ±1%. When the NTCs were used
to measure liquid temperature, this was done by installing thermowells at specific locations and then
putting the NTC.

Figure A.6: Tegg NTC 3950 100K Thermistors Temperature sensor



B
Experimental Results

B.1. Absorption Characteristics
During the absorption characterization experiments, as many characteristics of the process were de-
termined as the sensors and time allowed to. The main results were presented in chapter 5, but other
important results were also obtained that helped in the understanding of the CO2 capture process. In
this section, complimentary results backing up the conclusions of the results sections are given, as well
as other characteristics of the absorption column which are of importance.

B.1.1. CO2 vs H2O capture process
In section 5.1.1 it was stated that CO2 capture is the limiting process in the absorption, and the results
regarding the rich loading over time of both chemical compounds over time was presented; in which
it was noticed CO2 loading takes much longer to reach VLE values. To further backup the conclusion
that CO2 capture is the limiting process, figure B.1 shows the STY of both CO2 and H2O in day one of
experiments; when the driving force for both compounds was its highest. Quite noticeably, the STY of
H2O can be up to two order of magnitudes higher compared to the STY of CO2, which further backs-up
the conclusion that CO2 capture is the limiting process in the absorption column.

B.1.2. Air side vs Liquid side limitations
In section 5.1.1, results on the STY of CO2 as a function of the driving force of the process were given,
and it was noticed that the STY had a decreasing trend with decreasing driving force; which is to be
expected from a liquid side limited process. Furthermore, during characterization experiments, the air
mass flow rate was varied in order to see the effects in the CO2 capture capacity. Figure B.2 shows the
effect of varying the total air mass flow rate (through the PWM control of the fans) in the carbon capture
capacity of the process. When the total mass flow rate of air entering the column was decreased, it
can be seen that overall the STY of CO2 reduced with the reduction of air. This is explained by the fact
that as less air goes through the column, the quantity of CO2 captured reduces; which is an air side
limited behavior.

However, in figure B.2 it is also noticeably that the air was never depleted of its CO2, which then
hints towards a liquid side limited process. The contradicting results with the variation of air mass flow
rate can be explained by the poor sorbent distribution explained in chapter ??, and the suspected poor
air distribution in the column. When the fans are working at full throttle, there is a suspicious that empty
pockets are formed in the column, and thus the >2000 m3/hr of air mainly go through the middle of the
column, where sorbent does not reacg. This means that the air diffuses to the inter-facial region much
faster than the sorbent can capture CO2, and thus the air is non limiting. When the mass flow rate is
decreased, the decrease in inertia is suspected to distribute the air more equally in the column, which
is why it can be seen in figure B.2 that the CO2 concentration out decreases, however the process is
not completed air side limited in this case since the air is not depleted.
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Figure B.1: Capture capacity of CO2 & H2O

(Note: units in y-axis not fully shown due to intellectual property concerns)
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Figure B.2: Varying air flow rate effects

(Note: units in y-axis not fully shown due to intellectual property concerns)

B.1.3. Pressure drop in column
One performance indicator always given in literature regarding absorption columns is the pressure drop
experienced [10], which is an indicator of the required energy that needs to be spent in order for air
to be circulated in the column. Figure B.3 shows a comparison of the pressure drop in the 10X DAC
absorption column compared with the pressure drops in the systems of other companies. As can be
seen, the pressure drop in the absorber of the 10X DAC is within the lowest when compared to other
processes. This allows ZEF to have an energy demand in the absorption column quite lower when
compared to, for example, U Twente’s process
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Figure B.3: Pressure drop in the absorption column comparison

B.1.4. CO2 Capture Efficiency
Another common performance indicator when comparing CO2 capture processes is the efficiency in
the carbon capture (i.e. how much of the available CO2 is actually removed). Hanak et al [17] stated
that the removal efficiency of DAC processes is lower compared to point source capture, however it is
still of interest to see how ZEF ranks against other companies. As seen in figure B.4, ZEF’s process
has a percent removal considerably lower than other companies. This is again explained by the poor
sorbent and air distribution in the column, where the mass transfer area is not maximized.
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Figure B.4: CO2 Percent removal comparison

B.2. Regeneration Characteristics
The regeneration characterization focused in the required time the sorbent needs to spend in the strip-
per column in order to reach VLE lean loadings. However, other aspects of the stripper performance
were also tracked during experiments that give insights into the regeneration process.

B.2.1. Stripper Pump Characterization
The mass flow rate going through the stripper was crucial to be determined in order to be able to
know the residence time of experiments, and to calculate energy demands of the process. To do
so, the stripper pump was characterized and a function to relate mass flow rate to the RPMs of the
pump was made based on the results. Figure B.6 shows the results, and figure B.5 the fit results and
corresponding equation.

Figure B.5: fit results
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Figure B.6: stripper pump characterization

B.2.2. Start-up
How much time it takes for desorption to start occurring (i.e. the start-up time of the stripper) and
how much energy this part of the process consumes was determined as well. The start-up process is
considered to be accomplished when the temperature on the top stage of the stripper becomes stable.
Figure B.7 shows that about 20 minutes are required for the temperature at the top stage of the stripper
to reach a constant value, and that overall about 3200kJ (on average 3200W during the 20 minutes of
start-up) are required in the start-up process.

B.2.3. Ratio Sensor
In the 10X DAC a temperature sensor was placed at the most high point of the regeneration section,
just before the bend that takes the top products to the total condenser. The sensor placement assumes
that the temperature registered is the VLE temperature of the gas that will end up in the flash tank, and
so it might be used to determine the composition of the product dynamically.

As can be seen in figure B.8, the temperature of the ratio sensor responds to absolute humidity
changes; which have been linked to the water loading in the sorbent in chapter 5. When the absolute
humidity lowers, the temperature of the ratio sensor decreases indicating less water is present in the
top product. If the temperature registered by this sensor is calibrated correctly, a dynamic reading of
the product ratio could be given.
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Figure B.7: Start-up time and energy demand

Figure B.8: Ratio Sensor readings

(Note: between hour 3.8 and 5 the stripper flow rate was increased to a value which the heat
input was not enough for desorption to take place, so please ignore this in terms of the ratio sensor
discussion.)
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B.3. Full system Characteristics
The combined characteristics of the absorption and regeneration sections allow to determine the per-
formance and efficiency of the overall process. Besides the results showed in chapter 5 other details
of the overall system characteristics were also obtained. Principally, it was important to understand
which part of the process had the highest energy demand.

Figure B.9: Absorption vs Regeneration energy demand

As can be seen in figure B.9, the regeneration section takes practically all the energy demand of
the entire process, which aligns with literature sources [10]. In ZEF’s process the low energy demand
of the absorption section is thanks to the low pressure drop in the column (figure B.3) which translates
into low energy demand for air distribution.

B.3.1. Air distribution in column
Note: section removed to appendix F due to intellectual property concerns



C
Building Process

Note: appendix moved to appendix F due to intellectual property concerns.
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Modelling complimentary Info

Note: Appendix moved to appendix F due to intellectual property concerns
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E
Literature complimentary information

Complimentary literature research findings are given in this appendix for several aspects of the DAC
characteristics and the work performed by ZEF in the past.

E.1. Degradation characteristics
The degradation of the sorbent has a great impact in the lifetime, performance, and efficiency of the DAC
as previously explained. Although all amines are affected by both thermal and oxidative degradation,
not all of them are as sensible as others. In their study, Leupamier et al [29][30] studied the oxidative
and thermal degradation effects on different amines. In the case of oxidative degradation, it was found
that tertiary amines are slightly more stable than primary and secondary amines, while cyclic structures
did not offer a better chemical resistance when compared to linear molecules. In the case of thermal
degradation, secondary amines where found to be the least stable.

Figure E.1: Oxidative Degradation rates of the different amines with temperature and air. [30]
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Figure E.2: Thermal Degradation rates of the different amines with temperature and air. [29]

Choosing a sorbent that is less sensible to both types of degradation not only increases the lifetime
expectations of the process, but also keeps its performance and efficiency at peak values for longer
time.

The presence of water has also an effect in the lifetime of the sorbent. Sayari et al [51] concluded
that water presence has a positive effect in the thermal degradation (urea formation) by comparing the
CO2 uptake of different sorbents cycled in dry and humid environments (see figure E.3). In the case of
oxidative degradation, there is no agreement regarding the effect of the presence of water regarding
this degradation mechanism.

Figure E.3: CO2 adsorption−desorption cycles over different adsorbents, (A) under dry conditions, (B) in the presence of
moisture (20 °C as dew point) [51]

In terms of lifetime, the ambient temperature has a limited role in the degradation of the sorbent. As
shown in section 2.3.3, degradation effects are triggered at very high temperatures (above 50◦C).

Lepori et al [31] studied the effect of temperature in the vapor pressure of different organic com-
pounds. The study found that at high temperatures the vapor pressure increases, and thus the evapo-
ration rate. Also, it was found that for larger amine molecules (n = 7 vs n = 2 for example), the vapor
pressure is lower; indicating better resistance to evaporation losses.
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Figure E.4: Vapor Pressure vs Temperature [31]

E.2. Purity
The Purity performance indicator provides information on how pure the obtained CO2 fromDAC process
is, and it is measured in percentages. During absorption, the system deals with ambient air, which
contains many elements besides CO2. In amine-based systems, the main elements that get absorbed
are: water and, of course, CO2. As explained before, a complete DAC system not only captures CO2,
but also includes a regeneration process in which the captured CO2 is released; the purity of this stream
is of interest.

If the DAC process is used in carbon capture and storage technologies, then the CO2 released
in the stripper would be permanently sequestrated. This requires two steps: CO2 transport, and the
permanent storage through, for example, saline aquifiers. In the case of transportation, Wetenhall
et al [72] studied the effect of impurities in the required pipe diameter and inlet pressure. At higher
impurities percentages, bigger pipes are required, and higher inlet pressures are experienced. In the
sequestration step, high purities are required to guarantee high storage efficiencies [17] [75].

In the case the DAC process is used in carbon capture and utilisation, as is the case of ZEF, the
CO2 stream would become raw material for different processes. As explained before, ZEF uses CO2,
and hydrogen, to make methanol. So it is of great interest to have as high a purity as possible to avoid
any complications in ZEF’s processes. Furthermore, certain impurities, like evaporated sorbent, could
negatively impact current fuel producing process, limiting the use of existing infrastructure and hence
decreasing the attractiveness of DAC for carbon capture and utilisation.

E.3. DAC at ZEF
Note: moved to appendix F due to intellectual property concerns
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