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Due to the growing need to hinder climate change, methods for carbon dioxide removal from 

the atmosphere have been developed. This thesis focuses on direct air capture method (DAC) 

which utilizes adsorption to separate carbon dioxide directly from the ambient air. Along 

with the carbon dioxide, water is also co-adsorbed to the adsorbent caused by the humidity 

of air. The water needs to be separated further in the process due to the water vapor capacity 

limitations of certain process equipment. The product gas contains also other impurities that 

affect the overall process. Air makes up the majority of the other impurities.  

The purpose of this thesis is to measure and analyse the amount of co-adsorbed water and 

residual air in the DAC product gas stream. The goal is to propose a new drying unit to be 

integrated into a DAC process based on the measurements.  In the literature part, methods 

for drying the product gas are explored. This literature review also covers the basis, com-

mercially deployed technologies and future prospects of direct air capture. 

In the applied part, product gas properties and humidity were measured in a Soletair Power 

Oy DAC test rig. The water content of the product gas before drying is about 86 mol%. The 

test rig includes a drying unit for the product gas and its functionality under vacuum is eval-

uated based on the test results. The system flow rates are estimated by calculations, since 

accurate flow gauge is not available. It is noted that the pressure level in the system has a 

significant influence on the drying efficiency. Two plate heat exchangers are sized and pro-

posed to replace the existing drying unit. The effect of air is also analysed with a simulation, 

and it is found that, the presence of impurities other than water vapor, reduces the efficiency 

of the drying process.   
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Yhä kasvava tarve hillitä ilmastonmuutosta on johtanut erilaisiin menetelmiin hiilidioksidin 

poistamiseksi ilmakehästä. Tässä työssä keskitytään menetelmään, jossa hiilidioksidia 

erotetaan suoraan ilmasta adsorboimalla (DAC, Direct air capture). Hiilidioksidin ohella 

adsorbenttiin sitoutuu ilmankosteuden takia myös vesihöyryä, joka on poistettava 

tuotekaasusta tiettyjen prosessilaitteiden rajoitetun vesihöyrykapasiteetin vuoksi. 

Tuotekaasun eli hiilidioksidin seassa on myös muita siihen vaikuttavia epäpuhtauksia, joista 

suurinosa on ilmaa.  

Tämän työn tarkoituksena oli mitata ja analysoida veden, sekä ilman osuutta 

tuotekaasuvirrassa. Tavoitteena oli näiden tulosten perusteella mitoittaa olemassa olevaan 

DAC-prosessiin integroitava tuotekaasun kuivauslaitteisto. Tämän työn kirjallisuus-

katsauksessa tutkitaan tuotekaasun eri kuivausmenetelmiä. Kirjallisuuskatsauksessa 

käydään läpi myös teoriaa hiilidioksidin suorasta talteenotosta, kaupallistettuja 

teknologioita, sekä tulevaisuuden näkymiä.  

Kokeellisessa osuudessa suoritettiin tuotekaasun koostumus- ja kosteusmittaukset Soletair 

Power Oy DAC-testilaitteistolla. Tuotekaasun vesipitoisuus ennen kuivausta oli noin 86 

mol%. Testilaitteistossa on itegroituna kaasun kuivauslaitteisto, jonka toimintaa alipaineessa 

arvioitiin testitulosten perusteella. Systeemin virtausmääriä arvioitiin laskennallisesti, sillä 

tarkkaa virtausmittausta ei ollut saatavilla. Havaittiin, että systeemin painetaso vaikuttaa 

merkittävästi kuivauksen tehokkuuteen. Työssä mitoitettiin kaksi levylämmönvaihdinta, 

jotka ehdotetaan korvaamaan aikaisemmin käytetty kuivauslaitteisto. Myös ilman vaikutusta 

kuivausprosessiin analysoitiin simuloimalla ja huomattiin, että muiden epäpuhtauksien 

määrä tuotevirrassa vaikuttaa kuivauslaitteiston toimintaan.  
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NOMENCLATURE 

Roman characters 

A heat exchange surface area   (m2) 

𝐴2 coefficient for enhancement factor (Table III) (℃−1 ) 
 
𝐴3 coefficient for enhancement factor (Table III) (℃−2 ) 
 
𝐴4  coefficient for enhancement factor (Table III) (℃−3 ) 
 
𝑎0  coefficient for saturation vapor pressure (Table II) (Pa) 

𝑎1  coefficient for saturation vapor pressure (Table II) (K) 

𝑎3, 𝑎6  coefficients for saturation vapor pressure (Table II) (K−1) 

𝑎4  coefficient for saturation vapor pressure (Table II) (K−2) 

𝐵2 coefficient for enhancement factor (Table III) (℃−1 ) 
 
𝐵3 coefficient for enhancement factor (Table III) (℃−2 ) 
 
𝐵4  coefficient for enhancement factor (Table III) (℃−3 ) 
 
𝑐𝑝 specific heat capacity   (kJ/kg) 

H enthalpy    (kJ/kg) 

K overall heat transfer coefficient   (W/m2K) 

M molar mass    (g/mol) 

𝑚̇ mass flow    (kg/s) 

ṅ  molar flow rate    (mol/s) 

p  pressure     (Pa) 

ṗ rate of pressure change    (Pa/s) 

𝑄̇ Rate of heat transfer    (kW) 

RH%  Relative humidity    (%) 

T  Temperature     (℃/ K) 



 

 

V  Tank volume    (m³) 

V̇  Volume flow rate   (m3/h) 

Greek characters 

𝜌  density    (kg/m3) 

∆ℎ𝐻2𝑂  latent heat of water   (kJ/kg) 

∆𝑇𝑙𝑜𝑔  logarithmic mean temperature difference (℃/ K) 

𝜈 molar volume   (m3/mol) 

     

Constants 

R Gas constant 8.3145   (m3Pa/K mol) 

Dimensionless quantities 

𝐴1  coefficient for enhancement factor calculation (Table III) 

𝑎2, 𝑎5  Coefficients for water saturation vapor pressure (Table II) 

a…e coefficients used for calculating specific heat capacity (Table IV) 

𝐵1  coefficient for enhancement factor calculation (Table III) 

f  Enhancement factor  

x molar fraction    

    

Subscripts 

comp component of product gas 

cond condensed 

d dew point 

gas product gas mixture 

i  sequence number of coefficients A and B (Table III)  

latent latent heat 

mix mixture 



 

 

sample MGP241 sample line 

sensible sensible heat 

tot total 

w water vapor 

w,s water saturation vapor 

Superscripts 

id ideal gas conditions 

Abbreviations 

BET  Brunauer-Emmett-Teller method 

CCUS carbon capture, utilization and storage 

DAC direct air capture 

ESA electric swing adsorption 

L-DAC liquid direct air capture 

MGP multigas probe 

MOF metal organic framework 

MSA moisture swing adsorption 

m-DAC membrane direct air capture 

PFHE plate-fin heat exchanger 

PHE plate heat exchanger 

S-DAC solid direct air capture 

TEG triethylene glycol 

TVSA temperature vacuum swing adsorption
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1  Introduction 

Due to the globally growing energy demand, carbon dioxide emissions have increased sig-

nificantly in recent years.  This growth is expected to continue, since fossil fuels remain still 

the primary source of energy. The prevailing concern on climate change has pushed the car-

bon capture technologies forward (Khalid, 2022, p.4). Direct air capture (DAC) is a promis-

ing carbon dioxide capture method, in which the CO₂ is captured directly from the ambient 

air. Various materials and technologies can be used in DAC, such as solid sorbents and liquid 

solvents (Li & Yao 2024). This makes direct air capture an important process when it comes 

to meeting the global gas emission net zero goals (Anon, 2022). Before CO₂ can be further 

processed and stored, it needs to be purified from water caused by humidity of air. High 

moisture content in the product gas can cause for example corrosion in the pipes and equip-

ment. However, drying of the gas is not sensible in the adsorption stage. (Young et al., 2021). 

For example, multiple studies have shown that the presence of H2O in the adsorption step 

enhances the CO₂ adsorption capacity. (Veneman et al., 2015) (Bos et al., 2019). There are 

many types of drying equipment and methods that can be integrated into direct air capture 

process (Kemper et al., 2014).  

This thesis is made for Soletair Power Oy, to overcome the challenges in drying the captured 

carbon dioxide. Soletair Power Oy is a carbon capture company based in Lappeenranta, Fin-

land, that integrates direct air capture technology with HVAC (heating, ventilation and air 

conditioning) -systems.  

Research on direct air capture technology, used materials and processing of the product gas 

have been produced in recent years (Ozkan et al., 2021), (Hunt et al., 2024), (Sujan et al., 

2019). The overall direct air capture process needs development also in the field of energy 

efficiency, cost efficiency and sorbent materials.   Nevertheless, there are not much literature 

on effective drying mechanisms integrated specifically to direct air capture applications. 

Cooling and compression have been used to condensate the water out of the product gas, and 

this can be improved using for example solid or liquid desiccants. However, these drying 

processes have been mainly developed for product gas that is adsorbed from point sources 

and not directly from ambient air.   
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This thesis focuses on drying of the captured carbon dioxide. The aim is to investigate an 

existing product gas drying unit integrated into the DAC process and to propose a new ap-

proach on the basis of it. Experiments with the drying unit are performed to provide insights 

how the desorption conditions affect the drying process and what is the composition of the 

product gas. The effect and amount of other impurities, in this case air, is analysed. This 

thesis consists of a literature part and an applied section. The literature part compares differ-

ent drying equipment to select a functional assembly for the drying unit. An overview of 

carbon capture technologies is also briefly introduced, including also carbon capture meth-

ods from point sources to determine the overall status of carbon capture production. The 

applied part covers testing and analysing the existing drying unit, as well as sizing the new 

one.  

Research questions:  

- How do the desorption conditions affect dehydration of the product gas and the 

choice of drying equipment? 

- How does air, which is considered an impurity, affect the overall drying process?  

- What drying equipment are needed for an effective CO₂ drying unit? 

- How to integrate the drying unit to the DAC process considering the factors men-

tioned above?  

 

Artificial intelligence (DeepL Write) was used in this work to ensure linguistic style and 

accuracy of some sentence structures. Use is sporadic throughout Chapters 6, 7, 8 and 9.   
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THEORETICAL PART 

2  Carbon capture technologies 

This chapter provides an overview on basic carbon capture methods already developed that 

have been applied to different processes of capturing CO₂ from point sources and directly 

from air. The goal is to map the current state of carbon capture technology and its applica-

tions. Technologies that will be covered in this section are absorption, adsorption and mem-

brane technology because they are the most common ones in other literature.  

2.1  Absorption 

Capturing of carbon dioxide can be performed with absorption. The basic principle in ad-

sorption is that the component, for example CO₂, transfers from the gaseous phase to the 

liquid one. (Wilcox et al., 2012, p.53) In these unit processes, a solvent is used as the absor-

bent. Absorption processes have been classified into physical and chemical absorption. The 

differentiating factor is the dissolution mechanism of the gas molecule. (Nakeo et al., 2019) 

Physical absorption uses a physical solvent which absorbs the product gas under high partial 

pressure (from 15 kPa to over 10 MPa, (Rackley, 2017)). Desorption of the gas occurs in 

lower partial pressure, meaning that the driving force in physical absorption is the pressure 

difference. In chemical absorption the target gas reacts in a chemical solvent. The product 

gas is obtained by dissolution. (Wilcox et al., 2012, p. 55) High partial pressure of CO₂ 

makes physical absorption methods incapable of direct air carbon capture since capturing 

CO₂ directly from air requires a technology that is capable operating with CO₂ partial pres-

sure of around 40 Pa (Rackley, 2017).  

In industrial scale, the absorption of carbon dioxide from a point source is usually performed 

using an absorber column and a stripper together. Absorption occurs in the absorber and the 

stripper is for the solvent regeneration. This ensures the effective separation of carbon diox-

ide. Absorbers and strippers can be for example bubble columns or spray towers, but the 
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most common application is to use structured packing. (Wilcox et al., 2012, p. 54-55) Indus-

trial absorption-based methods are for example post-combustion and pre-combustion CO₂ 

capture where capture occurs from a point source and not from ambient air. (Nakeo et al., 

2019.)  

2.2  Adsorption 

Adsorption of carbon dioxide is already in wide practical use and is still studied and devel-

oped further for example with novel materials (Umegaki et al., 2023), (Romero-Marimon et 

al., 2023). The basic principle is that the wanted compound in a gas or liquid is adsorbed 

through a porous layer which is called the adsorbent. Adsorption processes can also be clas-

sified into physical and chemical adsorption. They differ in principle and adsorbents used. 

(Wilcox et al. 2012. p.114) Regardless of the material, adsorption process consists of three 

steps. First the fluid carrying the adsorbate encounters the adsorbent and then the adsorbate 

gets adsorbed to the surface. In the third step the fluid that was not adsorbed needs to be 

separated. (Theodore & Ricci, 2010.) Adsorption can be applied to direct air capture.  

In chemical adsorption, a chemical bond between the sorbent and sorbate is formed. Whereas 

in physical adsorption, the connection between sorbent and sorbate relies only on weaker 

forces, such as van der Waals. (Shi et al. 2020.)  

The use of sorbent materials is the key in most of the direct air capture technologies that rely 

on adsorption. Both liquid and solid sorbents can be used, but solid sorbents are much com-

monly used particularly for air-capture processes. As stated earlier, sorbents can be chemical 

or physical based on the characteristic. (Shi et al. 2020) Adsorption materials specially used 

in direct air capture will be introduced in more detail in chapter 3.2. The DAC process in 

which the drying unit will be built, uses adsorption as the method to capture carbon dioxide 

from air.  

As mentioned before, the third part in the adsorption process is the separation of the adsorbed 

component from the sorbent. There are four main approaches to perform adsorption-desorp-

tion cycle. These are thermal swing cycle (Jiang et al., 2020), pressure swing cycle 

(Subraveti et al., 2019), purge gas stripping cycle and displacement cycle. These methods 

can be used separately or as a combination. In thermal swing cycle, the adsorbent is 
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reactivated by increasing the temperature in the system with a hot liquid or through a surface. 

After that a dry purge gas flushes the adsorbent bed. Pressure swing cycle uses lower de-

sorption pressure or a vacuum for desorbing the bed without heating the system. In purge 

gas stripping, non-absorbent purge gas is used to reduce the partial pressure of the separable 

component, resulting in desorption. In this case, higher temperatures and lower pressures are 

desired. Displacement cycles on the contrary use a purge gas that is adsorbable to replace 

the earlier adsorbed component from the sorbent. (Theodore & Ricci, 2010, 283) One exam-

ple of a combination relevant for this thesis is temperature vacuum swing adsorption 

(TVSA), in which the process steps are same as in temperature swing cycle, but vacuum 

pressure is added to the heating step (Jiang et al., 2020), (Li et al., 2023). Overall, eight 

TVSA cycle steps have been developed that can be varied depending on the application. 

According to Gholami et al. (2023), with DAC methods, a popular proposed cycle procedure 

is adsorption, evacuation, heating and then purging/evacuation with steam below atmos-

pheric pressure. During the evacuation step, the remaining air from the adsorption is re-

moved at low temperature to block the degradation of the sorbent that may occur caused by 

oxygen in the heating step. To improve the prevention of degradation, an additional cooling 

step can be added before adsorption starts again.  However, it is not necessary with DAC 

because the incoming air cools the bed enough during the long adsorption step.  

2.3  Membrane technology 

As one of the promising CO₂ capture technologies, membrane separation is also shortly in-

troduced. This technology has several advantages, such as energy efficiency and operational 

clarity. Membrane separation is usually used for capturing CO₂ from integrated gasification 

combined cycle processes, as well as from natural gas and flue gas. (Nakeo et al. 2019.) 

Several membrane types have been developed. Membranes used in carbon capture are for 

example inorganic, polymeric and ionic liquid membranes. Zeolite and carbon membranes 

are proper examples of inorganic membranes. As for polymeric membranes, they are usually 

made from glassy polymers. These are for example acetate, cellulose and polyimide. Ionic 

liquid membranes have low vapor pressures, and they remain stable at high temperatures. 

(Nakeo et al. 2019) 
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Direct air capture using membrane separation has been studied and tested with different 

membrane materials, but these applications remain still in small-scale (Fujikawa et al., 

2021), (Fujikawa & Selyanchyn, 2022), (Castro-Muñoz et al., 2022).  

3  Direct Air Capture (DAC) 

Direct air capture (DAC) is a constantly emerging technology in which the carbon dioxide 

is captured directly from the air with a solid sorbent or a liquid solvent. One of its advantages 

is the capability to capture carbon dioxide from low-concentration conditions. There are 

three stages of capturing CO₂ with DAC regardless of the used method: contacting stage, 

capturing stage and separation stage. (Li & Yao 2024) DAC technologies can be applied in 

a wide variety of uses that have direct or indirect impact on mitigating the climate change. 

DAC can be combined with carbon capture utilization technologies (CCU) and carbon cap-

ture storage methods (CCS) to mitigate climate change. For example, carbon dioxide can be 

converted into fuels, but it is also possible to store the captured CO₂ underground. DAC 

produced CO₂ can also be used for cultivation of protein-rich microbes. (Elfving 2021) The 

conveniency of DAC comes from the ability to locate the equipment anywhere so that there 

are no costs or emissions from transporting the captured CO₂ to further utilization or storage 

(Xu et al., 2024).  

When it comes to industrial scale, Ozkan et al. (2021) researched the status of direct air 

capture technologies and companies working in this area. The three leading companies that 

develop industrial DAC applications are Climeworks (Switzerland), Carbon Engineering 

(Canada) and Global Thermostat (USA). For example, Climeworks launched a direct air 

capture and storage plant with an overall capacity of 4000 t/year, called Orca. The plant 

consists of overall eight collector containers and is located in Iceland, Hellisheidi. 

(Climeworks, 2025)  

In the following sub-sections, the principles of most common direct air capture methods are 

introduced, and examples of industrial processes are provided.  
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3.1  Sorbent materials for DAC 

According to Shi et al. (2020), good properties for sorbent used in direct air capture are 

selectivity, high loading capacity, reusability and the release of CO₂ should be simple and 

efficient. In addition to these, the sorbent should be affordable. The low carbon dioxide con-

centration of the ambient air affects also the material choices. The use of porous adsorbents 

that rely solely on weak physical interaction with the product gas is not possible because the 

needed adsorption capacity is too large. (Elfving, 2021.) For example, according to Qiu et 

al. (2025), solid amine-adsorbent capacities can vary from 0.6 to 10.47 mmol CO₂ /g sorbent 

depending on the used sorbent.  

Also, for DAC, sorbent materials can be divided into physisorption and chemisorption ma-

terials. In physisorption, the capturing of CO₂ occurs in the surface of the sorbent which is 

why large surface areas are desirable. (Shi et al., 2020.) Surface area of the adsorbent affects 

strongly the adsorption capacity because larger surface area leads to higher total gas uptake. 

However, this applies also to the other possible gases (N2, O2, H2O) which decreases the 

selectivity of CO₂. (Low et al., 2023) The most common physical sorbents for DAC are 

activated carbon, zeolites and MOFs (metal organic frameworks) (Shi et al., 2020), and their 

BET (Brunauer-Emmett-Teller) surface area ranges (S-BET) can be seen from Figure 1 ac-

cording to research by Low et al., (2023). Further explanation on BET method for determin-

ing the surface areas can be found from Thommes et al. (2015).  
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Figure 1. Comparison of BET surface area ranges for different sorbent materials. Red scale 

means functionalised adsorbents and blue scale is without functionalisation. (Low et al., 

2023) 

Physical sorbents rely on weak physical interactions (Shi et al., 2020.), but functionalisation 

of a physisorbent can convert it into a chemisorbent. Chemisorbents form covalent or coor-

dination bonds to adsorb. Chemisorption materials are usually amine-based. Nowadays, 

amine-modified sorbents are used in chemisorption. In these sorbents, the amine groups are 

loaded on porous material that capture CO₂ through a chemical reaction. There are three 

types of amine-modified sorbents classified according to their preparation method.  Carbon 

capture directly from air with chemisorbents can occur in both dry and wet conditions. (Shi 

et al., 2020.) 

3.2  Liquid DAC 

DAC using liquid sorbents, which is called liquid direct air capture (L-DAC), is by now the 

most mature DAC method. CO₂ is adsorbed directly from the air stream by contacting the 

adsorptive solution. Mass transfer occurs between certain components and carbon dioxide 

to form specific chemical compounds. The liquid solution used is usually composed of KOH 

and NaOH which results in formation of carbonates and water. Also, later in the process 

occasionally Ca(OH)2 is utilized. The chemical reactions occurring during contact between 

CO₂ and solution can be seen below in Equations 1,2 and 3. (Li & Yao 2024.)   
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2𝐾𝑂𝐻 (𝑎𝑞) + 𝐶𝑂2(𝑔) → 𝐾2𝐶𝑂3(𝑎𝑞) + 𝐻2𝑂 (𝑙) (1) 

2𝑁𝑎𝑂𝐻 (𝑎𝑞) + 𝐶𝑂2(𝑔) → 𝑁𝑎2𝐶𝑂3 (𝑎𝑞) + 𝐻2𝑂 (𝑙) (2) 

 

In industrial scale, liquid DAC is performed with two chemical loop processes. First loop is 

for capturing the CO₂ into the solvent and the second loop is for separating the captured CO₂ 

from the solvent. (Li & Yao 2024) These loops can operate simultaneously. CO₂ capturing 

occurs in ambient pressure and room temperature. (Wang et al., 2023) 

Figure 2 below, introduces the schematic diagram of the industrial scale liquid direct air 

capture process.  

 

Figure 2. Process flow diagram of industrial liquid DAC. Adapted from Wang et al., 

(2023) 

One example of the air contactor is from Mahmoudkhani et al. (2009) from University of 

Calgary, where a test equipment was developed. The packed tower is 6 m high, and the 

solvent flow rate is 5 l/s. The capacity of this tower contactor is 15 t CO₂/year per m2of 

adsorption cross section. In this application, CO₂ is captured with sodium hydroxide solvent, 

NaOH (Equation 2). Figure 3 introduces the experimental packed tower for liquid direct air 

capture.  
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Figure 3. Photograph and a schematic diagram of experimental packed tower for air cap-

ture consisting of: 1. Air driver (fan) 2. Fluid Basin 3. Fluid pump 4. Packing 5. Fluid dis-

tributor 6. Air outlet with demister (Mahmoudkhani et al., 2009) 

 

The purpose of the second loop in liquid DAC process is to separate the captured CO₂ from 

the solvent and recover the solvent to be used again in adsorption. The second loop consists 

of a pellet reactor, steam slaker and a calciner. (Li & Yao 2024) The regeneration of solvent 

happens in the pellet reactor with calcium hydroxide present. Equation 3 below shows the 

reaction occurring in the pellet reactor.  

 

𝐶𝑎(𝑂𝐻)2(𝑎𝑞) + 𝐶𝑂2(𝑔) → 𝐶𝑎𝐶𝑂3(𝑠) + 𝐻2𝑂 (𝑙) (3) 

 

CaCO3 goes to the steam calciner unit where it is heated up to around 900 ℃ to release the 

wanted product gas (CO₂). Ca (OH₂) can be then formed again in the slaker unit, where CaO 

and water are mixed.  

Bisotti et al. (2024) listed the current and target capacities for industrial scale DAC plants in 

their research. One example of larger industrial scale of liquid DAC method is from Carbon 
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Engineering (Canada).  The capacity remains still below 0,5 MtCO2
/ year but the technology 

is suitable for capacities over 1 MtCO2
/ year. The aim is therefore to build 70 1 MtCO2

/year 

DAC facilities by 2035.  

3.3  Solid DAC 

Another common DAC technology is the use of solid sorbents (S-DAC), where adsorption 

and desorption processes happen in cycles. Process includes an adsorption chamber, the solid 

sorbent and further product gas processing units that will be examined in more detail in 

following chapters. The capturing process includes the adsorption phase for capturing the 

carbon dioxide into the sorbent and desorption phase for releasing the product gas from the 

sorbent. As well as in liquid DAC, adsorption of CO₂ occurs at room temperature and at-

mospheric pressure. However, the desorption pressure is low, and temperatures vary from 

80℃ to 100 ℃. Solid DAC uses a temperature-vacuum swing technology. (Li & Yao 2024) 

The basic principle of the process is that the air flows through a filter, where CO₂ is absorbed 

into the sorbent and the residue gas flows out of the system. After the adsorption, the ad-

sorption chamber is pulled into a desorption pressure to evacuate the remained air from the 

chamber. After that, the chamber is being heated to release the product gas stream from the 

solid sorbent. Another cycle can begin, when the chamber is cooled down to room tempera-

ture. (Wang et al. 2023) Figure 4 shows a representative flow diagram of the solid direct air 

capture procedure according to McQueen et al. (2021).  

 

Figure 4. Representative solid sorbent DAC flow diagram (McQueen et al., 2021) 
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Compared to liquid DAC, solid DAC has advantages in energy consumption and operating 

costs. Desorption temperature being only 80℃-100℃, results in lower energy consumption. 

This technology is also suitable for wide range of scales. (Li & Yao 2024)   

According to Ozkan (2021), two of the leading industrial direct air capture developers, 

Climeworks (Switzerland) and Global Thermostat (USA) use solid direct air capture. For 

example, in Climeworks industrial application, adsorption and desorption occurs in cycles 

with a high surface and porous area. Air fans draw air to the capture unit and CO₂ is drawn 

to the sorbent while the CO₂ clean air flows though. Then the sorbent is heated to 100 ℃ to 

release CO₂ from it. In this process, the energy requirement is around 2000 kWh/t CO₂. The 

largest capacity that has been achieved in tests according to Bisotti et al. (2024) is 36 

ktCO2
/year. The goal, however, is in 100 ktCO2

/ year.  

3.4  Challenges and prospects 

Analysis of the state of direct air capture have been produced recently from techno-econom-

ical aspect and specially in relation to different sorbent materials. The challenges with DAC 

come also from the economical aspect. DAC has higher investment and operating costs com-

pared to capture from point-sources since DAC is not yet a mature technology. These higher 

costs result mainly on the required energy and needed resources for capturing enough CO₂. 

This is because ambient air has very low concentration of carbon dioxide. (Li & Yao 2024) 

When it comes to different sorbent materials, kinetics, stability and capturing capacity needs 

still improvement. (Shi et al., 2020.)  

Depending on the CO₂ capture method, the product stream will include impurities. (Witkow-

ski et al., 2015) Relevant impurities to this thesis are water and air (N2, O2). Other possible 

impurities are H2, CO, H2S and CH4. The effect of impurities for compression and transpor-

tation of captured CO₂ are introduced in more detail in Chapter 5.  

Further development of new but also mature direct air capture methods has continued. For 

example, already commercially deployed liquid DAC method that utilizes alkaline solutions 

has some recent developments when it comes to commercial-scale applications. There are 

also advances in solid amine-based sorbents. The aim in recent studies have been to improve 

the adsorption performance of the amine-based sorbent. A method of immobilizing or 
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tethering the sorbent to additional supporting materials has been used as a means to improve 

the adsorption performance. (Li & Yao 2024.)   

Other emerging DAC technologies are the utilization of moisture sensitive sorbents (MSA, 

moisture swing adsorption), electro-chemical cell (ESA, electric swing adsorption) and 

membranes (m-DAC). The moisture sensitive sorbents utilize chemical reactions between 

water molecules and carbonate ions. By that the sorbents alternate energy states, capturing 

CO₂ in dry conditions and releasing the product gas in wet conditions. In ESA, the CO₂ is 

captured by negatively charged electrode and released after changing the charge to positive 

in an electro-chemical cell. In membrane separation DAC, a permeable membrane is used 

for controlling the mass transfer. High CO₂ permeable membranes let CO₂ through and cap-

ture the other gases. (Li & Yao 2024.)  

4  Gas drying processes and technologies 

This chapter focuses on the product gas drying processes that could be integrated to DAC 

unit. When inspecting the whole carbon dioxide capture and storage process, the dehydration 

unit plays a relatively small part in it. Nevertheless, the drying process is a very important 

step in the chain. For example, the transportation pipeline is prone to corrosion if the gas 

consists of water. Water causes also hydrates, solid crystalline compounds, to form in the 

pipelines in solid and liquid phase. (Kemper et al., 2014) According to Maroto-Valer (2010) 

the limit for water content in pipeline transportation is 500 ppm. The chosen drying process 

needs to be robust, reliable and able to minimize possible addition of impurities to the prod-

uct gas.  In fact, the impurities have a huge impact on the product stream properties and to 

the choice of used drying equipment. (Kemper et al., 2014) 

Most used dehydration techniques are different types of cooling and the use of solid and 

liquid desiccants. Membranes are under research but not yet in common use. The following 

Figure 5 shows the dehydration technologies and their possible use according to dehydration 

ranges. Drying technologies are introduced in more detail in the following sub-sections.  
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Figure 5. Ranges of applicability of different dehydration technologies (Kemper et al., 

2014) 

Compression and cooling are suitable for high concentrations of water in the product gas 

stream. However, the water content remains high after. Some of these techniques alone don’t 

achieve low moisture content in the product gas. If a drier outcome is wanted from a wet 

stream, molecular sieves (solid desiccant) are worth using. (Kemper et al., 2014) However, 

these different drying methods can be combined and installed one after the other (Bielka et 

al., 2023).  

4.1  Cooling and compression 

The basic method for drying the product gas from water is the cooling and compression 

cycle. Water containing product gas is first compressed in a compressor and then cooled to 

a constant temperature with a heat exchanger to condense the water into a liquid form. The 

cooling and compression step takes place in multiple stages and usually a condensed water 

collecting drum is placed downstream between these stages. A schematic diagram of cooling 

and compression stage is introduced in Figure 6.  
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Figure 6. Schematic diagram of a one cooling & compression stage for captured CO₂. 

Adapted from Bielka et al., (2023) 

Figure 5 shows, that the multi-stage compression and cooling alone does not ensure reason-

ably low water content. This is since the gas remains fully saturated with water after com-

pression at the temperature it was cooled to. In addition to the multiple cooling and com-

pression stages a separate drying unit can be integrated into the process to remove more 

water and by that improve the product gas quality. The use of multi-stage cooling and com-

pression is still profitable because it can reduce the costs of the following and more precise 

drying unit. However, this method is specially suitable for post-combustion and pre-com-

bustion capture and requires high pressures and mass flow. (Bielka et al., 2023) 

4.2  Compact heat exchangers 

Numerous different types of compact heat exchangers have been developed that are suitable 

condensing water out of the gas stream. A compact heat exchanger is defined as a heat ex-

changer that has a heat transfer surface with a high area density. (Cooper, 2016) The surface 

area density in compact heat exchangers is normally 700 m2/m3or higher but when operat-

ing with liquid or a stream with phase change, the surface area density can be 400 m2/m3or 

higher. With gas streams, the hydraulic diameter is below 6 mm. The exchanger must be 

able to operate under the prevailing operational pressure and temperature differences be-

tween the fluids. Proper material choices also affect the outcome and help to choose the right 
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application for the process. Possible materials for heat exchangers are stainless steel, tita-

nium, Incoloy, Hastelloy and nickel alloys. (Sekulic & Shah, 2023, p.582-637)  

Plate heat exchangers (PHE) consist of cardboard shaped plates in series which are supported 

by a frame. This setup forms a discontinuing and meandering structure of channels. Overall 

advantages in plate heat exchangers are the compact design, resistance to high temperatures 

and pressures and the ease of cleaning. Plate heat exchangers can be used for phase change 

applications, such as condensing water. The number of plates can also be easily varied. One 

disadvantage is the large pressure drop for liquid fluids due to the narrow passages. Plate 

heat exchangers can be further separated into several categories. These are spiral, gasketed, 

double wall gasketed and fully welded plate heat exchangers, to name a few.  

Spiral plate heat exchangers are versatile due to their suitability for everything from high 

viscosity fluids to high vacuum condensation. Spiral PHE’s are also self-cleaning and com-

pact. Gasketed PHE can be used for condensation, evaporation, cooling and heating and is 

in wide use in process industry. Fully welded PHE are ideal for high pressure and tempera-

ture conditions and double wall gasketed PHE are good for eliminating the risk of fluids 

intermixing. (Cooper, 2016) 

Plate-fin heat exchangers (PFHE) consist of fins that are attached to side bars and separated 

by flat parting sheets. Plate-fin heat exchangers can function in counter-flow, crossflow, 

cross-counter-flow and co-current flow. PFHE models are separated according to the fin 

geometry. Different plate-fin types are for example plain fins, louvered fins and vortex gen-

erators.  

Marbond heat exchangers consist of chemically etched slotted flat plates that are diffusion-

bonded together. Temperature range of these heat exchangers is very wide, from -200 ℃ to 

900 ℃, and they can operate in wide range of pressures too. Marbond can be used with two-

phase and single-phase streams and chemical reactions are also possible.  

4.3  Desiccants 

One common CO₂ drying methods is the use of solid or liquid desiccants. For example, silica 

gel, activated alumina and molecular sieves can be used as solid desiccants. Methanol, glyc-

erol, triethylene glycol (TEG) and other glycols can be used as liquid desiccants. (Kemper 
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et al., 2014) The ideal properties for a desiccant are high water capacity at a low partial 

pressure and a big moisture capacity difference over a narrow temperature range. (Tanchuk 

et al., 2013)  

Silica gel is manufactured by neutralizing sodium silicate. Sodium silicate is mixed with 

dilute mineral acid which forms a salt free gel. After the neutralization, the gel is dried, 

roasted and graded to be used in granular form. In addition to gas drying, silica gel can also 

be used for gas desulfurization and purification. Activated alumina, or more precisely hy-

drated aluminium oxide, can be used in both granular and pellet form. Activated alumina is 

especially good for drying gas under pressure. Molecular sieves have a crystalline structure 

that have cavities at the center of the structural units. Pores or “windows” lead to the cavities 

to capture small sized molecules.  (Theodore & Ricci, 2010) 

These solid desiccants can be applied to several different processes. The adsorbent is applied 

to a bed in a reactor. Common reactor types that are used in air recovery and purification 

systems are fixed/stationary bed reactors, moving bed reactors and fluidized bed reactor. The 

choice of a reactor depends on the maintenance and handling during the adsorption-regen-

eration cycle.  (Theodore & Ricci, 2010) 

4.4  TEG Dehydration system 

Triethylene glycol (TEG) have been widely used liquid desiccant for drying natural gas 

(Leperi et al., 2015), but this method is also suitable for captured carbon dioxide (Kemper et 

al., 2014). The product gas is dehydrated by adsorption of water using TEG (Leperi et al., 

2015). TEG drying system has significant advantages, such as high thermal stability and 

regeneration efficiency, low vaporization loss and low solubility for salts. It is also recover-

able to 98%. (Bielka et al., 2023) 

Bielka et al. (2023) tested in their research to combine five-staged compression and cooling 

unit and TEG dehydration system to dehydrate captured carbon after post-combustion. The 

overall drying unit consisted of a five-staged compressor train and the TEG unit. After the 

compressor and cooling train, the gas mixture is led to the glycol absorber which is the first 

part of the TEG unit. The gas goes from the bottom to the top while glycol as an absorbent 

flow by gravity in the opposite direction absorbing water from the gas. The water-rich 
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solvent is taken out from the bottom of the column and then regenerated in the regenerator 

to be used again. Dehydrated gas can then be supplied to the final compression stage. Process 

flow diagram of the TEG dehydration plant after compression and cooling is introduced in 

Figure 7.  

 

Figure 7. TEG dehydration plant after five staged cooling and compression train (Bielka et 

al., 2023) 

5  Compression and transportation of carbon dioxide 

Dry captured carbon dioxide needs to be pressurized with a compressor to the required trans-

portation pressure before the transportation (Bielka et al., 2023). The pressure level is deter-

mined on a case-by-case basis depending on factors such as further use of the gas, operating 

conditions and length of the pipeline. The pressure needs to be increased to the point where 

the carbon dioxide remains in a dense phase until it is compressed again or injected to stor-

age.  
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In this chapter, few of possible compression methods are mentioned, but the carbon dioxide 

separation method determines which compression method should be chosen. This is because 

the separation method i.e. the prevailing process conditions affect the thermodynamic state 

of CO₂ entering the compressor. Compressor efficiency, pressure ratio and the inlet temper-

ature of CO₂ are also important factors in analysing compressor power consumption and the 

need for cooling.  (Witkowski et al., 2015) 

Compressors that are suitable for carbon dioxide streams are for example ordinary and inte-

grally geared centrifugal compressors, in-line multistage centrifugal compressors with inter-

stage cooling and multistage centrifugal integrally geared compressors. (Witkowski et al., 

2015) Literature of product carbon dioxide compression can be found mainly from point 

sources, but they are applied to this literature part.  

Impurities in the product stream affect also the compression stage. Research on the effect of 

impurities on the product gas properties can be found. Goos et al. (2011) analysed the effect 

of nitrogen to the compression stage after post-combustion CO₂ capture. The results showed 

that the amount of N2 in the stream influence the specific energy (kWh/t CO₂) of the mixture. 

The final compression step is important for the following transportation. The criteria for the 

CO₂ mixture are to have no free water and limited concentration of contaminants and non-

condensable gases. (Goos et al., 2011.) According to Zhang (2023), if there are impurities in 

the stream, a higher pipeline operating pressure is needed for transportation.  

Transportation of captured CO₂ is an essential stage in carbon capture, utilization and storage 

(CCUS). Transportation can be performed by pipeline, truck, train or ship and it is usually 

transported under high pressure and generally in supercritical phase which means that the 

pressure and temperature are kept above the critical values for supercritical CO₂. (Zhang, 

2023) The critical point and supercritical region can be seen from CO₂ phase diagram (Figure 

8) calculated by Goos et al. (2011).  
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Figure 8. Carbon dioxide phase diagram (Goos et al., 2011) 

However, in pipeline transportation, CO₂ can be transported also in gas phase and liquid 

phase and when it comes to other mentioned transportation methods, it has the lowest per 

unit costs. Especially in short distance and small flow rate CO₂ pipeline transportation, CO₂ 

is transported in a low-pressure gas-phase, but with larger flow rates gas-phase transporta-

tion is not economical. In this case, the transportation pressure remains under 4 MPa. (Zhang, 

2023)  

Carbon dioxide itself does not cause corrosion to transportation pipelines. There are two 

main effects that need to be considered in pipeline transportation. First is the change of two-

phase zone boundaries which can cause two phase co-flow in the pipe. Free water can be 

formed which can lead to hydrate formation. The second effect is that the impurities can 

cause a decrease in capacity of the pipeline transportation. This can be a result of the impu-

rities taking the available spaces in the pipeline which affects the compressibility. (Zhang, 

2023) The limits for certain impurities in CO₂ transportation can be seen from Table I. 
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Table I. Concentration limits of impurities for CO2transportation and storage (Zhang, 2023) 

Impurity Concentration limit 

H2O 500 ppm 

H2S 200 ppm 

CO 2000 ppm 

SOx 100 ppm 

NOx 100 ppm 

O2 1000 ppm, (< 4 vol %) 

CH4 < 4 vol% (for aquifer storage), < 2 vol% 

(for enhanced oil recovery) 

N2+Ar+ H2 < 4 vol% total 

 

APPLIED PART 

6  Methodology 

This chapter introduces the methods, experiments and calculations used for determining the 

size and capacity of the needed drying unit. All the model equations used in gas content and 

drying unit sizing calculations are introduced in this section.  

6.1  Test procedure and equipment 

The product gas composition was analysed both before and after the existing drying unit in 

the test setup introduced in Figure 9. This measurement was performed to determine the feed 

properties of the product gas, including its concentration and flow rate.  

The product gas temperature (℃), dew point temperature (℃), relative humidity (%), total 

pressure (Pa), and water vapor saturation pressure (Pa) were measured before the drying unit 

using Vaisala HMP7 and TMP1 humidity and temperature probes. These probes were 
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installed into Stream 1 downstream of the DAC unit and upstream of the drying unit (see 

Figure 9) to obtain product gas properties entering the drying unit.  

After the drying unit, the process temperature, dew point temperature, and CO₂ and H₂O 

concentrations (ppmv) were measured. The results for these measurements are shown and 

discussed in Chapter 7. The amount of air present (ppmv) was estimated based on these 

results. The equations used for calculations based on these measurements are introduced 

later in Chapter 6.2.  

A flow diagram of the test setup is provided in Figure 9. Streams 1-7 and 14 represent the 

product gas flow. Blue arrows (8-13) represent the six separate drainage lines for condensed 

water. This thesis does not present the current drying unit and its process equipment in detail. 

The new designed and sized drying unit will be replacing the existing one entirely.  There-

fore, the key objective is to determine the flow conditions and flow rate of the stream 1, 

because they provide crucial input data for sizing the new drying unit. In other words, it is 

essential to understand the properties of the gas exiting the DAC unit. 

 

Figure 9. Schematic diagram of the test equipment with Vaisala HMP7, TMP1 and 

MGP241 probes during desorption.  

All measurements were carried out during the adsorption-desorption cycle of the DAC pro-

cess. For clarification, Figure 9 represents only the desorption step, which means the product 

gas has already been adsorbed in the DAC unit from air stream and the production has 

started. The system uses temperature-vacuum swing adsorption (TVSA).  During the adsorp-

tion step, air flows through the DAC unit where CO2 and water are adsorbed into a sorbent 
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bed. After adsorption, the remaining air is evacuated from the DAC unit to reach the desorp-

tion pressure. It should be noted that not all air can be removed from the DAC unit and 

pipelines resulting in air remaining as part of the product gas in production. After the air 

evacuation, heating the DAC unit together with the reached vacuum pressure allows the 

product gas to desorb from the sorbent, enabling the production to begin.  

Figure 9 shows that the drying unit operates under the vacuum pressure but after the com-

pressor, the system is in over atmospheric pressure. The test was repeated twice for compar-

ison. These are referred later to as Test 1 and Test 2. Desorption in Test 1 lasted for 4 hours, 

while Test 2 desorption time was extended to 7.45 hours to collect more data of the stabilised 

system. The aim was also to simulate more accurate desorption time.   

Vaisala Multigas probe MGP241 was used to measure the carbon dioxide and water concen-

tration (in ppmv) in the product gas stream after the drying unit. In addition, the probe 

measures also temperature, pressure and dew point of the stream. MGP241 was installed into 

a separate sample line (Stream 14) which was connected to the product gas buffer tank. 

Therefore, the measurement point was not under the desorption pressure. The valve and the 

rotameter in the sample line were used to regulate the gas flow to MGP241 and the flow was 

adjusted to 10 Nl/min (≈9.85l/min). The rotameter had been calibrated for air which pro-

duces a significant measurement error since the product gas consists mainly of CO2. Correc-

tion for this error is explained in detail in Chapter 6.2. As Figure 9 shows, sampling causes 

the product gas to run from the buffer tank. This loss of product gas from the tank due to 

sampling had to be considered in the calculations to improve result accuracy.  

The overall amount of wastewater that is drained out of the system after every adsorption-

desorption cycle was measured experimentally to identify where water accumulates in the 

process following a one cycle. This experiment gave also insights on, how much water is 

bypassing the current drying equipment and how effective the drying equipment currently 

is.  

In practice, this was done by stopping the process after one complete adsorption–desorption 

cycle and manually opening the drainage lines one by one to observe how much water had 

accumulated in specific parts of the process. The existing drying equipment was drained 

through three separate drainage lines to gain insights into the functionality of the unit oper-

ations. Additionally, wastewater was drained separately from the DAC unit, as condensation 
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may occur already during the adsorption step due to the humidity of ambient air. The drain-

ing lines are illustrated in blue in Figure 9.  

6.2  Model equations  

In this sub-section, the main equations used in processing the obtained data are introduced. 

The aim of these calculations was to determine the product gas concentration and flow rate 

for stream 1 (Figure 9, Equations 4-13) and thereby estimate the actual heat transfer surface 

and energy required under the given operating conditions (Equations 14-19). For clarifica-

tion, these calculations aim to fully replace the existing drying unit. Intermediate results for 

the calculated stream conditions are introduced in Chapter 7 while sizing of the new drying 

based on these results is introduced in Chapter 8.  

First, the water vapor pressure in Stream 1 was calculated according to Vaisala (2023) de-

rived from the relative humidity.  

𝑅𝐻% =
𝑝𝑤

𝑝𝑤,𝑠
 100% (4) 

𝑝𝑤 =
𝑅𝐻%  𝑝𝑤,𝑠

100%
 (4.1) 

Where RH% relative humidity, % 

 𝑝𝑤 water vapor pressure, Pa 

 𝑝𝑤,𝑠 water vapour saturation pressure, Pa 

Water vapor pressure can be considered as partial pressure of water in the product gas stream. 

Dalton’s partial pressure law (Albright, 2009) was used to calculate the mole fractions of the 

gas components in different parts of the process.  

𝑝𝑐𝑜𝑚𝑝 = 𝑝 𝑥𝑐𝑜𝑚𝑝 (5) 

Where 𝑝𝑐𝑜𝑚𝑝 partial pressure of component, Pa 

 𝑝 total pressure, Pa 

 x𝑐𝑜𝑚𝑝 mole fraction of the component 
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The properties of Stream 5 were used to estimate the average flow rate for Stream 1. Since 

the product gas concentration in Stream 5 was known from MGP241 measurements, the 

partial pressure of water vapor was calculated using Equation 5. Subsequently, the water 

vapor saturation pressure for Stream 5 was determined in order to calculate the relative hu-

midity of the product stream after drying (Equation 4). This calculation utilized Sonntag’s 

equation, which is applicable under ideal gas assumptions and requires known gas tempera-

ture and pressure. 

𝑝𝑤,𝑠
𝑖𝑑 = 𝑎0  exp [

𝑎1

𝑇
+ 𝑎2 + 𝑎3𝑇 + 𝑎4𝑇2 + 𝑎5 𝑙𝑛(𝑎6  𝑇)] (6) 

Where 𝑎0…6 Coefficients (Table II) 

Table II introduces the coefficients used in calculating the water saturation vapor pressure. 

Table II. Coefficients for water saturation vapor pressure calculations 

Coefficients, 𝐚𝐧 273,15 K to 373,15 K 

𝑎0, [Pa] 1 

𝑎1, [K] -6,0969385 ∙ 103 

𝑎2, [-] 21.2409642 

𝑎3, [K−1] -2.711193∙ 10−2  

𝑎4, [K−2] 1.673952E-5 ∙ 10−5 

𝑎5, [-] 2.433502 

𝑎6, [K−1] 1  

 

Usually, the result needs to be corrected using an enhancement factor if gas mixture in ques-

tion can’t be considered as an ideal gas. However, the available literature mainly focuses on 

normal and high-pressure conditions and studies on the effects of vacuum conditions cannot 

be found. The enhancement factor value was calculated for various vacuum pressures and 

according to these calculations, it consistently approaches 1. Nevertheless, enhancement fac-

tor calculations were included in the determination of saturation vapor pressure. Equation 7 

below presents the correction method for converting the saturation vapor pressure from ideal 

gas conditions to real gas behaviour. (Vaisala, 2023).  
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𝑝𝑤𝑠 = 𝑝𝑤,𝑠
𝑖𝑑  𝑓 (7) 

Where 𝑓 enhancement factor   

The enhancement factor f was calculated according to Greenspan (1976) with following 

equations. 

𝑓 = exp [𝛼(𝑇) (1 −
𝑝𝑤,𝑠

𝑖𝑑

𝑝
) + 𝛽(𝑇) (

𝑝

𝑝𝑤,𝑠
𝑖𝑑

− 1)] (8) 

 

𝛼(𝑇) = ∑ 𝐴𝑖𝑇
𝑖−14

𝑖  (8.1) 

 

𝛽(𝑇) = exp ∑ 𝐵𝑖𝑇
𝑖−14

𝑖=1  (8.2) 

Where  T temperature, ℃ 

 A coefficient (Table III) 

 B coefficient (Table III) 

i                  the sequence number of coefficients A and B (Table III) 

Table III introduces the values for coefficients A and B used in Equation 8.  

Table III. Coefficients A and B for enhancement factor calculation (Hardy, 1998) 

Coefficients A 0 ℃ to 100 ℃ Coefficients B 0 ℃ to 100 ℃ 

𝐴1, [-] 3.5362400∙ 10−4 𝐵1, [-] -10.758800  

𝐴2, [°C−1] 2.9328363∙ 10−5 

  

𝐵2, [°C−1] 6.3268134∙ 10−2  

𝐴3, [°C−2] 2.6168979∙ 10−7 𝐵3, [ °C−2} -2.5368934∙ 10−4  

𝐴4, [°C−3] 8.5813609∙ 10−9 𝐵4, [°C−3] 6.3405286∙ 10−7 

 

Since the system flow rate was not known, it was determined first for stream 5 in units of 

mol/s based on the rate of pressure increase (bar/s) in the buffer tank 1 during the desorption 

phase. Figures 10 and 11 illustrate the pressure rise in the buffer tank over time during Test 

1 and Test 2. The slope of the graph indicates the pressure increase rate in bar/s during 
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desorption. More precise measurement data was not available. The data has been divided 

into two separate curves because the buffer tank has a 10-bar pressure limit. When this limit 

is reached, the tank is automatically emptied. This sudden emptying of the tank is removed 

from the data because it is irrelevant to the rate of pressure increase.    

 

Figure 10. Pressure increase in the buffer tank during Test 1 desorption. The dotted lines 

represent a linear fit of the stabilized regions of the flow, with a slope of 0.042 bar/min 

used to estimate the molar flow rate. 

 

Figure 11. Pressure increase in the buffer tank during desorption in Test 2. The dotted line 

represents a linear fit of the stabilized region. Two slopes were identified: 0.006 bar/min 

and 0.042 bar/min.   
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With Test 2 results, averaged value of the two measured slopes (0.024 bar/min) was used in 

further calculations.  

However, as noted earlier, product gas is continuously removed from the system through 

sampling (see Figure 9). This means that the slope alone does not reflect the full pressure 

increase that would occur in a closed cycle without the open MGP241 sample line. To ac-

count for this, the pressure increase loss attributable to the known sampling flow rate (9.851 

l/min) was estimated and added to the measured slope value shown in Figures 10 and 11. As 

stated earlier, the flow adjusting rotameter had been calibrated with air, so it was converted 

to reflect the product gas flow rate. Following Equation is an adaptation from a ratio of two 

different fluid flow rates in the same rotameter according to Perry & Green (1997).  

𝑉̇𝑠𝑎𝑚𝑝𝑙𝑒 = 𝑉̇𝑎𝑖𝑟 √
𝜌𝑎𝑖𝑟

𝜌𝑔𝑎𝑠
 (9) 

Where 𝑉̇𝑠𝑎𝑚𝑝𝑙𝑒 MGP241 sample line volume flow rate, l/s 

 𝑉̇𝑎𝑖𝑟 flow rate straight from the rotameter, l/s 

𝜌  density, kg/m3 

Given that the gas composition was known, the density and molecular weight of the mixture 

were evaluated, allowing the sampling flow rate to be converted into the corresponding pres-

sure increase (Pa/s) lost from the system with following Equations 10 and 11.  

𝑚̇𝑠𝑎𝑚𝑝𝑙𝑒 = 𝜌  𝑉̇𝑠𝑎𝑚𝑝𝑙𝑒 (10) 

Where 𝑚̇𝑠𝑎𝑚𝑝𝑙𝑒 MGP241 sample line mass flow, kg/s 

When mass flow rate of the sample stream was calculated, it was converted to molar flow 

rate as follows.  

𝑛̇𝑠𝑎𝑚𝑝𝑙𝑒 =
𝑚

𝑀

̇
 (11) 

Where 𝑛̇𝑠𝑎𝑚𝑝𝑙𝑒 MGP241 sample line molar flow rate, mol/s 

M product gas mixture molecular weight, g/mol 
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Assuming ideal gas conditions, the pressure increase corresponding to the sampling loss was 

derived from the ideal gas law accordingly as if the flow were entering the buffer tank. 

𝑝 ̇ 𝑉𝑡𝑎𝑛𝑘 = 𝑛̇𝑠𝑎𝑚𝑝𝑙𝑒  𝑅 𝑇𝑔𝑎𝑠 (12)

    

𝑝̇ =
𝑛̇𝑠𝑎𝑚𝑝𝑙𝑒  𝑅 𝑇𝑔𝑎𝑠

𝑉𝑡𝑎𝑛𝑘
 (12.1) 

Where 𝑝̇ MGP241 sample line rate of pressure change, Pa/s 

 R gas constant, 8.3145 J/ K mol  

𝑇𝑔𝑎𝑠  temperature of the product gas, K 

 𝑉𝑡𝑎𝑛𝑘 buffer tank volume, m3 

This value was then added to the pressure increase determined from the graph slope. The 

sum of these values was used to estimate the actual molar flow rate after the vacuum com-

pressor. Following modification of the ideal gas law was used to calculate the molecular 

flow rate for stream 5.  

𝑛̇𝑠𝑡𝑟𝑒𝑎𝑚5 =
𝑝̇𝑡𝑜𝑡  𝑉𝑡𝑎𝑛𝑘

𝑅  𝑇𝑔𝑎𝑠
 (13) 

Where 𝑝̇𝑡𝑜𝑡 total rate of pressure change in the tank, Pa/s 

However, the overall flow rate is not constant throughout the process, because water con-

denses and it is consequently removed from the product stream. The pressure change from 

vacuum to atmospheric pressure over the vacuum compressor also affects the molar flow 

rate. While viewing Equation 12, molar flow is directly proportional to pressure, which 

means that increasing the pressure increases the molar flow rate if other parameters are kept 

constant. However, in general, process flows and conditions in this process are very dynamic 

during desorption. These factors combined made accurate flow determination particularly 

challenging. Therefore, to obtain a rough estimate of the actual total product gas flow from 

the DAC unit, it was necessary to make certain assumptions.  

It was assumed that the condensation of water does not affect the amount of the non-con-

densable gases, carbon dioxide and air. However, in these initial flow rate calculations, the 

presence of air in the product gas mixture was neglected by incorporating its share as a non-
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condensable component into the CO₂ fraction. It was also assumed that condensation does 

not occur in the compressor and that the molar fraction can be considered equal to volumetric 

fraction. As a result of this, the molar flow rate of CO2 was assumed to remain constant over 

the drying unit. Although the molar flow of non-condensable gases also changes due to the 

significant pressure difference across the compressor, this change was assumed to be negli-

gible in order to obtain a rough estimate.  

With these assumptions, the molar flow of CO₂ was converted to volumetric flow using the 

ideal gas law (Equation 12), applying the desorption pressure and temperature measured by 

probes HMP7 and TMP1. Based on the estimated density and molecular weight for stream 

1, the volumetric flow was subsequently converted to both mass flow and molar flow. 

Once the average mass flow rate from the DAC unit to the drying unit was determined, the 

sizing of the new drying unit could be carried out. The equations required for sizing a heat 

exchanger replacing the previous drying unit downstream the DAC unit are presented below 

as Equations 14-19, while the detailed calculation procedure and the assumptions applied 

are explained in Chapter 8. 

The transferred thermal energy in the heat exchanger was calculated by considering both 

sensible and latent heat, as condensation of water vapor occurs during the process. The over-

all transferred heat (kW) was the sum of sensible and latent heat. Following equation was 

used to calculate the sensible heat, which means the energy required to heat the non-conden-

sable gases and the fraction of water that does not condense in the heat exchanger. Conden-

sation occurs also already in the pipeline coming from DAC unit before the first cooler due 

to heat loss. Because of that, sensible heat was calculated for both liquid and gas phase water.  

𝑄̇𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 = 𝑚̇𝑔𝑎𝑠 𝑐𝑝 (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛) (14) 

Where 𝑄̇𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒 rate of sensible heat transfer, kW 

 𝑚̇𝑔𝑎𝑠 mass flow of passing gas, kg/s 

 𝑐𝑝 specific heat capacity, kJ/kg K 

Specific heat capacity (cp ) for water vapor and CO2 was calculated using Shomate equation 

(NIST. 2025).  
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𝑐𝑝 = 𝑎 + 𝑏 
𝑇𝑔𝑎𝑠
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1000
+ 𝑑 
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3

1000
+

𝑒

𝑇𝑔𝑎𝑠
2

 
1

1000
 (15) 

Where 𝑐𝑝 heat capacity, J/mol K 

 a…e coefficients (Table IV) 

Table IV shows the coefficients used for gaseous CO2and H2O. Heat capacity is calculated 

for water vapor in this case, because the product gas from DAC unit is not fully saturated 

when it enters the drying unit which means it has not reached the dew point.  

Table IV. Coefficients used for calculating specific heat capacity (Equation 14) (NIST. 

2025) 

Coefficient 𝐂𝐎𝟐 (Gas phase) 𝐇𝟐𝐎 (Gas phase) 𝐇𝟐𝐎 (Liquid 

phase) 

a 24.99735 30.09200 -203.6060 

b 55.18696 6.832514 1523.290 

c -33.69137 6.793435 -3196.413 

d 7.948387 -2.534480 2474.455 

e -0.136638 0.082139 3.855326 

 

Latent heat covers the heat transferred when a phase change occurs. In this case, water vapor 

condensing into liquid water. The following Equation shows the calculation method for la-

tent heat.  

𝑄̇𝑙𝑎𝑡𝑒𝑛𝑡 = 𝑚̇𝑐𝑜𝑛𝑑,𝐻2𝑂  ∆ℎ𝑐𝑜𝑛𝑑,𝐻2𝑂 (16) 

Where 𝑄̇𝑙𝑎𝑡𝑒𝑛𝑡 rate of latent heat transfer, kW 

 𝑚̇𝑐𝑜𝑛𝑑,𝐻2𝑂 mass flow of the condensed water, kg/s 

∆ℎ𝑐𝑜𝑛𝑑,𝐻2𝑂     latent heat of condensation for water, kJ/kg 

Logarithmic mean temperature difference (LMTD) for counter-current flow was calculated 

accordingly (Anon, 2010, p.105).  
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∆𝑇𝑙𝑜𝑔 =
(𝑇𝑔𝑎𝑠,𝑖𝑛 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡) − (𝑇𝑔𝑎𝑠,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑖𝑛)

ln
(𝑇𝑔𝑎𝑠,𝑖𝑛 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑜𝑢𝑡)

(𝑇𝑔𝑎𝑠,𝑜𝑢𝑡 − 𝑇𝑐𝑜𝑜𝑙𝑎𝑛𝑡,𝑖𝑛)

 (17)
 

Needed heat exchange surface area (m2) could then be calculated with following equation.  

𝐴 =
𝑄̇

𝐾 ∆𝑇𝑙𝑜𝑔
 (18) 

Where A heat exchange surface area, m2 

 𝑄̇ total transmitted thermal energy, W 

 K overall heat transfer coefficient, W/ m2 K 

Then, the total needed plates for the heat exchanger were calculated accordingly. It should 

be noted that the outermost plates in both sides of the heat exchanger do not participate in 

the heat transfer. Because of that, the calculation method introduced below represents only 

the plates that are involved in heat transfer.  

𝑁𝑝𝑙𝑎𝑡𝑒 =
𝐴

𝐴𝑝𝑙𝑎𝑡𝑒
 (19) 

Heat exchangers were sized by determining the amount of needed plates after the overall 

required heat exchange area was calculated.  The area for one plate was based on Alfa Laval 

gas-to-liquid plate heat exchanger model GL/GLN50 and its standard area for one plate 

(0.0336 m2).  

7  Results and their analysis 

This chapter presents the key results from the product gas concentration measurements of 

stream 5 (Figure 9) as well as the measured product gas properties and calculated flow rate 

at the product gas drying unit inlet (Figure 9, stream 1) described in Chapter 6. Based on 

these findings, the heat transfer analysis and the sizing of the new drying unit are discussed 

in Chapter 8.  
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Before analysing the results, it is important to note that experimental measurements always 

involve some degree of uncertainty. The acceptance limits for measurement uncertainty of 

Vaisala Multi Gas probe MGP241 can be seen from Tables V and VI. Full calibration cer-

tificate can be seen in Appendix 1.  

Table V. MGP241 measurement uncertainty for CO2 measurement (Appendix 1) 

Reference, Vol% 𝐂𝐎𝟐 Measurement uncertainty, Vol% 𝐂𝐎𝟐 

50.8 ± 0.3 

95.1 ± 0.3 

98.0 ± 0.4 

 

Table VI. MGP241 measurement uncertainty for H2O measurement (Appendix 1) 

Reference, Vol% 𝐇𝟐𝐎 Measurement uncertainty, Vol% 𝐇𝟐𝐎 

2.5 ± 0.1 

5.0 ± 0.1 

10.0 ± 0.2 

 

According to Vaisala (2024), MGB241 sensor had been calibrated using pure gases in tem-

perature-controlled chamber with ambient conditions introduced in table VII.  

Table VII. MGP241 sensor ambient calibration conditions (Appendix 1) 

Sensor Relative humid-

ity [RH%] 

Temperature 

[℃] 

Pressure [mbar] 

MGP271 27.3 ± 4 22.5 ± 2 996.4 ± 20 

 

For TMP1 and HMP7, the factory calibration results are introduced. Temperature accuracy 

of TMP1 probe was up to ± 0.1 ℃ in standard calibration temperature of 23 ℃. HMP7 

relative humidity accuracy for 0-90 RH% was up to ± 0.8 %RH and HMP7 temperature 

accuracy up to ± 0.1 ℃ in calibration temperature of 23 ℃. However, the factory calibration 

result has its own uncertainty for relative humidity of 0-40 %RH ± 0.5 and 40-95% ± 0.8 

(Vaisala 2024)  
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Results for relative humidity in Test 1 can be seen from Figure 12 below. Relative humidity 

was measured by HMP7, and its measurement error is considered in the analysis.   

  

Figure 12. Relative humidity of Stream 1 measured with Vaisala HMP7 in Test 1 

Data series that are marked with red circles are taken into closer examination. To analyse 

the behaviour of relative humidity in the product gas during desorption, the graphs of total 

pressure, temperature, saturation vapor pressure and water vapor pressure of the product gas 

were also developed from the data. Total pressure was measured by HMP7, and saturation 

vapor pressure data as well as the temperature is from TMP1. Water vapor pressure was 

calculated from the relative humidity and saturation vapor pressure data using Equation 4.1. 

As mentioned in Chapter 6.2, the share of air in the product gas stream was incorporated as 

a non-condensable component into the CO₂ fraction. The partial pressure of the non-conden-

sable gas mixture was calculated based on the partial pressure law which states that total 

pressure is the sum of the partial pressures of its components. The measurement results for 

stream 1, Test 1 can be seen in Figure 13.  
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Figure 13. Stream 1 temperature, saturation vapor pressure, total pressure, water vapor 

pressure and partial pressure of the non-condensable gases during Test 1 desorption. 

Figure 13 shows that it took approximately 4000 seconds for the system to reach the target 

desorption pressure. It is also noticeable that the water vapor pressure, which can be consid-

ered the partial pressure of water in the stream, exceeds the measured total pressure locally. 

This is physically impossible and indicates a measurement error. But overall, the results 

reveal the significantly high water content in the product gas stream coming from the DAC 

unit since the partial pressure of water is that elevated, while the partial pressure of the non-

condensable gases CO2 and air remains low. To maintain physical accuracy in the graph, the 

places, where water vapor pressure exceeds the measured total pressure were marked as zero 

for the partial pressure of the non-condensable gas mixture.  

If the water vapor pressure reaches the saturation vapor pressure, condensation occurs. High 

relative humidity in the beginning of the desorption can be explained by this phenomenon. 

Averaged results for stream 1 concentrations are provided in Table IX. 

However, the sudden change in both saturation vapor pressure and relative humidity towards 

the end of the desorption was not expected. A more detailed analysis of the desorption data 

revealed, that shortly before the end of desorption, the vacuum compressor has suddenly 
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been shut down which explains the increasing pressure at the end of the desorption.  Also, 

the saturation vapor pressure is dependent on the system temperature which seems to de-

crease rapidly in the end of the desorption. This indicates that the system has been affected 

also by this sudden temperature change. Due to these uncertainties, the flow rate calculations 

were performed with averaged values from time interval 7000 s to 13020 s marked with grey 

dotted lines in the Figure 13.  

Relative humidity data for stream 1 in Test 2 is introduced in Figure 14. Due to the longer 

desorption time in Test 2, the time scale on the x-axis has been adjusted differently. 

 

  

Figure 14. Relative humidity of Stream 1 measured with Vaisala HMP7 in Test 2 

Also in Test 2, the relative humidity of the product gas is at its highest at the beginning of 

desorption. The same analysis was performed for Test 2 as for Test 1 and the measurement 

results for the product gas temperature, saturation vapor pressure, total pressure, water vapor 

pressure and partial pressure of CO2 and air are in the Figure 15 below.  
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Figure 15. Stream 1 temperature, saturation vapor pressure, total pressure, water vapor 

pressure and partial pressure of the non-condensable gases during Test 2 desorption. 

According to Figure 15, the time needed for the total product gas pressure to stabilize, is the 

same for Test 2. Water vapor pressure remains below the total pressure after ~4000 seconds. 

In Test 2, the temperature of the product gas decreases steadily. The water content in stream 

1 is highest at the beginning of desorption and it levels out as desorption continues.  The 

grey dotted lines in Figure 15 represent the time interval (8850 s-26820 s) that was used in 

the flowrate calculations. Meaning that the data from the beginning of the desorption was 

excluded from the calculations.  

Results for product gas content after the drying unit in stream 5 are discussed with the fol-

lowing graphs. First, the Vaisala MGP241 measurement results of CO2 content can be seen 

in Figures 16 and 17.  
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Figure 16. Product gas CO2 concentration after drying in Test 1 measured by Vaisala 

MGP241 

 

 

Figure 17. Product gas CO2 concentration after drying in Test 2 measured by Vaisala 

MGP241 
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According to these results, the gas purity is at an acceptable level and the gas composition 

remains constant. The gas contains almost the same amount of carbon dioxide already at the 

beginning of desorption. The aim with the process is to produce as homogenous gas possible 

during every cycle. However, the results show that the gas contains a certain percentage of 

impurities. This percent therefore covers water and other impurities in the gas. The concen-

tration (ppmv) was converted to percents, and the weighted mean of the proportion of gas 

components were calculated. Results are in Table VIII. It is noticeable that water makes up 

a smaller proportion of the overall impurities in the product gas after drying.   

Table VIII. Weighted means of the product gas components in Tests 1 and 2 for stream 5  

Component, [%] Test 1 Test 2 

CO2 96.59 96.84 

H2O 1.68 1.48 

Other 3.35 3.12 

 

The proportion of water in the product gas passing through the compressor after the drying 

unit (Figure 9, stream 5) in both tests can be seen from Figures 18 and 19. Water is also 

condensed in the buffer tanks after the compressor, so this water concentration does not 

represent the water concentration of the final product.  
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Figure 18. Product gas H2O concentration after the drying unit in Test 1 measured by 

Vaisala MGP241 

 

Figure 19. Product gas H2O concentration after the drying unit in Test 2 measured by 

Vaisala MGP241 
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The amount of water in the product gas seems to level off during desorption and the concen-

tration is below the limits introduced in Table I. These results together with the manually 

performed draining gives an important insight on the functionality of the drying equipment.  

The main source for impurities, other than water, is the remaining air in the DAC unit before 

desorption, after most of the air is removed by vacuum out of the unit. The amount of impu-

rities i.e. air components was assumed to be the remaining fraction of the total gas compo-

sition, because according to the test results, CO2 and water do not constitute the total con-

centration of the product gas.  The results for content of other impurities are in Figures 20 

and 21. The solid blue line represents the total amount of impurities, and the dotted lines 

represent the estimated share of N2 and O2 by air composition. Air has volume fractions 0.78 

of nitrogen and 0.21 of oxygen which makes them the most likely components in the remain-

ing impurities of the product gas. 

 

Figure 20. Other impurities in the product gas stream 5 in Test 1 calculated from measure-

ment results of MGP241 
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Figure 21. Other impurities in the product gas stream 5 in Test 2 calculated from measure-

ment results of MGP241 

These concentrations do not exceed the limits given in Table I. The spike at the beginning 

of desorption can be explained by the residual air left in the system after adsorption. Most 

of the air left over from adsorption is removed by vacuum from the system before desorption 

step but according to these results and as stated earlier, some amount of air still remains in 

the system.    

The calculation method introduced in Chapter 6.2 relies on averaged values of these test 

results. For this reason, the spikes from the beginning of desorption were excluded and only 

data from the stabilized system was used. In other words, the averaged values were taken 

from stabilized system to improve result accuracy. Selected time intervals are marked into 

Figure 13 for Test 1 and Figure 15 for Test 2.  

Table IX summarizes the key weighted averaged results for streams 1 and 5 obtained from 

the measurements and calculations, which were subsequently used as initial conditions for 

sizing the new drying unit. The conditions and flow rates for the other streams introduced in 

Figure 9 were not calculated in this work, since the objective was to obtain the product gas 

properties coming from the DAC unit to recalculate the heat transfer needed in the down-

stream drying unit. Meaning that the new proposed drying unit alters the flow conditions 

compared to the existing one. The desorption time was 4 hours in Test 1 and 7.45 hours in 
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Test 2. Product gas densities at vacuum pressure and after compressor were estimated utiliz-

ing ideal gas law.  

Table IX. Measured and calculated process parameters of streams 1 and 5 (Figure 9) when 

the amount of air is neglected. These results were used in sizing of a new drying unit. 

 

Parameter, unit 

Stream 1 Stream 5 

Test 1 Test 2 Test 1 Test 2 

Relative humidity, RH% 44.27 40.16 36.79 37.76 

Temperature, K 310.48 304.08 303.45 302.16 

Total pressure, Pa 2948.7 2095.5 104470.2 10614.3 

Water vapor saturation pressure, Pa 6393.8 4485.9 4343.0 4030.0 

Mixture density, kg/m3 0.022 0.018 1.80 1.845 

CO2 molar fraction 0.05 0.14 0.98 0.99 

H2O molar fraction 0.95 0.86 0.02 0.01 

Total molar flow, mol/h 1014.00 250.92 46.57 35.32 

Total mass flow, kg/h 19.48 5.44 2.06 1.56 

 

While assuming only water condenses out of the system, the amount of condensed water in 

kg was calculated according to streams 1 and 5 results. Calculated amount for condensed 

water can be seen from Table X.  

Table X. Calculated results for condensed water during desorption 

 Water condensed during 

desorption, kg 

Desorption time, h 

Test 1 129.77 4.00 

Test 2 28.87 7.45 

 

Test 1 flow results were calculated same way as Test 2 and these tests were performed one 

week apart.  Shorter desorption time should indicate less condensed water, but these results 

show otherwise. While comparing the adsorption data of Test 1 and 2, it was noted that the 

relative humidity in the inlet of the DAC unit was significantly higher in adsorption before 

Test 1 desorption. Carbon dioxide and water is adsorbed directly from outside air. The air 
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humidity does not remain constant, which varies the concentration of the adsorbed gas. The 

test equipment had also been in stand-by mode for a long time before Test run 1. For the 

Test 2, the system had been running few full cycles to get results that simulate the constantly 

running real-life application. According to these results, in Test 1, the water vapor saturation 

pressure is significantly higher than in Test 2 and the desorption pressure has not achieved 

as strong of a vacuum. All these factors combined can explain the elevated water content in 

Test 1, but the possibility of a measurement or calculation error can not be excluded.  The 

calculated amount of condensed water in Test 2 is in line with the experimental result. Since 

Test 2 results were more reasonable, they were chosen as the basis for sizing the new drying 

unit. The remaining product gas streams shown in Figure 9 were calculated only with the 

new drying unit.  

7.1  Results of the draining experiment 

The results for manual draining experiment can be seen from Table XI referring to Figure 9 

blue drainage lines.  

Table XI. The amount of condensed water by parts of the process (Figure 9) 

Drainage line Water volume, ml 

8 0 

9 0 

10 25 200 

11 0 

12 2500 

13 700  

TOTAL 28 400  

 

Overall, the process produces about 28 litres water with one cycle with approximately 8 

hours desorption time. This matches the results from Test 2. The amount of water was ex-

pected but its location in the process was more uneven than expected. For example, the the-

ory for water condensing already in the DAC unit did not apply but there can be multiple 
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reasons behind it, such as blockages in different parts of the unit. Although the system auto-

matically drains itself of water after every cycle, there is a possibility that some water accu-

mulated in the process after the previous cycle.  

There are three drainage lines (9-11) taken out of the drying unit because it consists of mul-

tiple drying equipment.  According to these results, all the water condensed in the drying 

unit is from the same drainage line 10. This gives a reason to examine the equipment con-

figuration of the drying unit. Possible causes are that the chosen equipment together are not 

applicable to specifically these process conditions or that the heat transfer surface area is 

underestimated. Overall, this phenomenon may be a result of challenging process conditions 

when it comes to phase change. In the literature part, some possible heat exchangers were 

shortly introduced.  However, the challenge comes from the low desorption pressure because 

the condenser surface temperature must be lower to separate water while operating in sub 

atmospheric pressure. Depending on the amount of water vapor in the product gas under the 

operating conditions, the dew point can go below zero which is then called a frost point. 

Freeze condensers can be used in these situations, but they are out of the scope of this thesis. 

Higher water concentration (ppmv) results in higher dew point but under vacuum pressures 

from 25 to 30 mbar requires a water content over 300000-400000 ppmv for the dew point to 

be above 0 ℃. These aspects were kept in mind while designing a new proposal for the 

drying unit.  

 

8  Final proposal for drying equipment 

In this Chapter, the final proposal for product gas drying method is introduced and justified. 

Made assumptions are listed and the calculation method explained. The requirements for 

drying equipment in this case was the capability to operate in the desorption conditions, 

functionality with two phase flow and a heat exchange surface suitable for condensing water. 

The cooling and compression method for drying the product gas is not suitable under vacuum 

pressures and the target is to be able to dry the gas before it enters the vacuum compressor.  

The goal was also to keep the drying unit simple and cost effective for integration into the 

whole system. Due to these aspects, it was to design a compact heat exchanger to fit into the 
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process and meet the need for a phase change from water vapor to liquid water in desorption 

conditions. Compact plate heat exchangers (PHE) were chosen due to their compact size and 

capability to condense water also in vacuum conditions.  

The new drying application consists of two plate heat exchangers and two water separating 

tanks to enhance the separation under vacuum pressure. This drying unit is designed to fully 

replace the existing one which means it will be located downstream the DAC unit and before 

the vacuum compressor (see Figure 9). The parameters, dimensions or conditions of the ex-

isting drying unit and its equipment are not used in the calculations and will not be discussed 

in this thesis. In other words, from now on, the heat exchangers under discussion are the new 

theoretical ones to be integrated into the DAC process replacing the existing ones. Following 

sub-chapters explain in detail, how this outcome was obtained. 

8.1  Preliminary information and assumptions 

An important first step in designing the new drying unit was to understand the shortcomings 

in the existing one. Both experimental and calculated data was used to analyse the perfor-

mance of the drying unit already in use. The draining experiment gave some valuable infor-

mation about the condensed water and how it is located in the process. According to the 

draining test results (Table XI), only one of the three drainage lines from the drying unit was 

flowing with water. This indicates that the product gas does not reach its dew point in two 

of the possible sources and condensation does not occur. The used coolant consists of 70 

m% water and 30 m% of 1,2-propylene glycol and its flow rate is set to 1.03 kg/s.  There is 

no reliable data available of the coolant temperatures during Test 2. The coolant tempera-

tures have been negative most of the time, which may have caused the water vapor freezing 

inside the existing drying unit.  

The limitation for gas H2O content came from the compressor located after the drying unit 

and these values were kept as boundary conditions when choosing and sizing the equipment 

for drying the product stream. Maximum water vapor capacity for the compressor was 0.6 

kg/h and maximum allowed water vapor pressure was 60 mbar.  

The flow and sizing calculations were performed with averaged test results to develop a 

model that introduces the rough estimation of the needed heat exchanger size. All the initial 
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assumptions and primary properties for sizing a heat exchanger are collected to Table XII 

below. Overall, heat exchanger sizing is a complex procedure that requires a wide knowledge 

of the process parameters. To simplify the calculations, some assumptions were made of the 

process conditions. Some of the assumed parameters are explained in more detail after Table 

XII. The values for the following process parameters are based on Test 2 due to its longer 

desorption time and more accurate results.  

Table XII. Process parameters used in calculation of the heat exchanger. The values are av-

eraged.  

Parameter Value Unit 

Desorption pressure over the drying unit 2095.5 Pa 

Overall heat transfer coefficient 600 W/m2 K 

Water evaporation heat 2428 kJ/kg 

Relative humidity, Stream 1 40.16 % 

Dew point, Stream 1 291.00 K 

Molar flow, Stream 1 380.67 mol/h 

CO2 molar fraction, Stream 1 0.141 - 

H2O molar fraction, Stream 1 0.859 - 

Relative humidity before heat exchanger 40.16 % 

Relative humidity after heat exchanger 100 % 

Temperature before heat exchanger 304.08 K 

Temperature after the heat exchanger 284.15 K 

Plate area 0.0336 m2 

Coolant mass flow rate 3722.40 kg/h 

Coolant inlet temperature 283.15 K 

 

The desorption pressure was assumed to remain constant over the drying unit. As mentioned 

earlier, it was assumed that the condensing of water in the process equipment does not affect 

the CO2 content passing through and for the sizing, only H2O and CO2 was assumed to be 

present in the stream. In other words, possible concentration of remaining air in the system 

was not included in these calculations. This assumption was made to ensure simpleness for 
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the first calculations. Theoretical analysis of the effect of air in the product gas stream can 

be found in Chapter 9.  

Target temperature, to which the gas was cooled in the heat exchanger was chosen based on 

the dew point of the gas entering the drying unit. Vaisala Humidity probes gave relative 

humidity before the drying unit but straight after the first heat exchanger the gas was as-

sumed to be fully saturated due to cooling and therefore relative humidity to be 100%. 

Overall heat transfer coefficient was taken from literature, and it was assumed to remain 

constant. According to VDI heat atlas (2nd ed.) (2010), typical overall heat transfer coeffi-

cient for plate heat exchanger is 20-60 W/m2 K. It needs to be noted that process conditions, 

such as temperature and phase change, affect this value. Heat transfer coefficients in con-

densation are usually higher than in convection only heat transfer. They can go up to 1000 

W/m2 K.  (Sekulic & Shah, 2023, p. 620). A value of 600 W/m2 K was used in the calcula-

tions.  

Coolant temperature can be adjusted in the system. Coolant outlet temperature was estimated 

with a modification of Equation 14 by assuming that the heat capacity of the coolant is sim-

ilar with pure water.  

8.2  Results and process simulation 

The heat exchanger properties were estimated in two stages with an assumption that it was 

the only one in the drying unit. After the first results, calculation was transferred to an open-

source chemical process simulator DWSIM.  

The first results can be seen from table XIII. If a note of “before” or “after” appears with the 

parameter, it refers to before/after the theoretical new heat exchanger that has been sized in 

MATLAB and will be placed directly into the stream 1 coming from the DAC unit. The 

number of plates was rounded up to the nearest integer.  
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Table XIII. Results for sizing the first heat exchanger in MATLAB 

Parameter Value Unit 

𝑐𝑝,𝑔𝑎𝑠,𝐻2𝑂 1.86 kJ/ kg K 

𝑐𝑝,𝑙𝑖𝑞𝑢𝑖𝑑,𝐻2𝑂 4.19 kJ/ kg K 

𝑐𝑝,𝐶𝑂2
 0.84 kJ/ kg K 

𝑝w,s  Before 4469.30 Pa 

𝑝w,s  After 1313.30 Pa 

𝑝w  Before 1794.90 Pa 

𝑝w  After 1313.30 Pa 

𝑥𝐻2𝑂 After 0.627 - 

𝑥𝐶𝑂2
 After 0.373 - 

𝑚̇𝑐𝑜𝑛𝑑𝑒𝑛𝑠𝑒𝑑,𝐻2𝑂 2.78 kg/h 

𝑄̇𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝐻2𝑂(𝑣𝑎𝑝𝑜𝑟) 0.069 kW 

𝑄̇𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝐻2𝑂 (𝑙𝑖𝑞𝑢𝑖𝑑) 0.154 kW 

𝑄̇𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝐶𝑂2
 0.0074 kW 

𝑄̇𝑙𝑎𝑡𝑒𝑛𝑡 1.878 kW 

𝑄̇𝑡𝑜𝑡𝑎𝑙 2.11 kW 

∆𝑇𝑙𝑜𝑔 6.44 K 

A 0.5525 m2 

Number of plates 16 (+2) - 

 

The results from table XIII along with assumptions in Table XII were used as initial values 

in the simulation software DWSIM. Property package Raoult’s law was used because it as-

sumes ideal conditions for liquid and gas phases as was assumed in the calculations. The aim 

with using a simulation software was to model a gas-liquid separator after the heat exchanger 

to improve the drying outcome. Figure 22 introduces the simulation outcome.  
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Figure 22. Simulation result by DWSIM using calculated gas property and heat exchanger 

sizing results. Pressure in the drying unit is 2095.5 Pa. 

The simulation shows the condensation occurring in the heat exchanger as the liquid water 

flow amount in the outlet stream of the heat exchanger. This amount is then separated from 

the product gas in the gas-liquid separator.  

Another aspect is that a small fraction of the CO2 can exit through the condensed water. The 

solubility of CO2 is temperature and pressure dependent. Data for solubility under vacuum 

conditions was not found. Estimate from pressure of 0.1 bar was used according to Carroll 

et al. (1991). The solubility of CO2 into water in 0.1 bar pressure and approximately 10 ℃ 

temperature is 0.01 mol%. In addition, according to the simulation result, condense 1 con-

tains approximately 0.0002 mole fraction of CO2, which is in line with the value obtained 

from literature.  Based on these factors, the loss of CO2 to the condensate was considered 

irrelevant.  
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Due to the compressor’s limitations, the product gas composition is not yet suitable for fur-

ther processing.  Because of that, another heat exchanger was included and sized to be placed 

under the desorption pressure downstream of the first sized heat exchanger and upstream of 

the compressor.   

After the first gas-liquid separator, the stream is in vapor phase, so the assumption of relative 

humidity being 100% does not apply anymore. Overall, removal of water in these conditions 

from the process gets more difficult after the first heat exchanger, because the water concen-

tration has decreased significantly in the first drying step.  

The second heat exchanger was sized using DWSIM. Since the second heat exchanger was 

placed directly after the first gas-liquid separator, the inlet stream conditions were obtained 

from the simulation. The heat exchange surface area was calculated by determining the cool-

ant and product gas outlet temperatures. Product gas outlet temperature was determined 

based on its dewpoint. The Vaisala humidity calculator was used to determine the required 

outlet temperature based on the product gas inlet temperature and pressure. The dew point 

was 2.42 ℃, which limited the possible temperature range for the coolant. Table XIV intro-

duces the stream conditions for the inlet stream of the second heat exchanger. 

Table XIV. Second heat exchanger inlet conditions 

Temperature, [K] 284.0 

Pressure, [Pa] 2095.5 

Relative humidity, [RH%] 56.0 

Dew point temperature, [K] 275,6 

Total mass flow, [kg/h] 2.6 

 

Plate heat exchangers are generally applicable also to negative temperature conditions, but 

it depends on the fluid in question. Since water vapor flows through the heat exchanger, 

negative temperatures can cause it to freeze over time which can break the channels.  For 

this reason, the coolant temperature could not be negative to prevent the condensing water 

from freeze inside the heat exchanger. In order to heat exchange to occur, the cooling liquid 

needs to remain colder than the gas also after the heat exchanger. The sizing had to be made 

with a trial-and-error method using the simulation and MATLAB. First guess for coolant 

inlet temperature was 1 ℃. When a new heat exchanger is added to the simulation flowsheet, 
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it calculates the required heat exchange (kW) by default.  This default value was used to 

calculate the coolant outlet temperature in that situation using Equation 14 in MATLAB 

when coolant mass flow, inlet temperature and heat capacity for water was known.  

Then, the calculated coolant outlet temperature and product gas dew point were inserted into 

the simulation. The goal was to cool the product gas to 2℃ so the outlet temperature was 

decreased progressively to that point while monitoring the logarithmic mean temperature 

difference that needed to remain positive. The results are in Table XV.  

Table XV. Results for sizing the second heat exchanger 

Parameter Value Unit 

Maximum Heat Exchange 0,527 kW 

Thermal Efficiency 95,456 % 

Log Mean Temperature Difference (LMTD) 3,8285 K 

Heat exchange area 0,219 m2 

Condensed water 0.716 kg/h 

Outlet H2O mass fraction 0.172 - 

Outlet H2O mass flow / Upper acceptance limit 0,323 / 0,600 kg/h 

Outlet total mass flow 1.878 kg/h 

 

The required heat exchange and heat exchange area are relatively small. Water vapor con-

centration in the product stream is now at acceptable level and the final propose for the 

drying unit with important process parameters can be seen from Figure 23. Again, the sim-

ulation shows the condensation occurring in the heat exchanger as the liquid water flow 

amount in the outlet stream of the heat exchanger. Figure 23 shows, that the liquid fraction 

of the water after the heat exchangers from streams 4 and 7 is removed in the gas-liquid 

separators. The accuracy of the method and the validity of the result are analysed in more 

detail in Chapter 9.  
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Figure 23. Flowsheet of the new drying process unit under the desorption pressure of 2095 

Pa.  

Stream table of the final simulation can be found in Table XVI. The table shows the liquid 

and vapor mass flow rates of each stream. The product gas composition as mole fractions 

are also separated into vapor and liquid phases.  
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Table XVI. Stream table of the new drying process 

Stream T, K ṁtot, 

kg/h 

ṁliquid ṁvapor xvapor 

H2O 

xliquid 

H2O 

xvapor 

CO2 

xliquid 

CO2 

Product gas 

from DAC 

304.1 5.4 0 5.4 0.86 0 0.14 0 

4 284.0 5.4 2,8 2.6 0.62 1 0.38 0 

Coolant in 

HX1 

283.2 3708.0 3708.0 0 0 0.91 0 0 

Coolant out 

HX1 

283.2 3708.0 3708.0 0 0 0.91 0 0 

Product gas 284.0 2.6 0 2.6 0.62 0 0.38 0 

Condense 1 284.0 2.8 2.8 0 0 1 0 0 

7 275.2 2.6 0.72 1.9 0.34 1 0.66 0 

Coolant in 

HX2 

274.2 3708.0 3708.0 0 0 0.91 0 0 

Coolant out 

HX2 

274.3 3708.0 3708.0 0 0 0.91 0 0 

Product gas 

to compres-

sor 

275.2 1.9 0 1.9 0.34 0 0.66 0 

Condense 2 275.2 0.7 2.8 0 0 1 0 0 

 

While one plate area is 0.0336 m2, that makes 7 plates involved in the heat exchange for the 

second heat exchanger. Overall plate amount is therefore 9.  

8.3  Material choices 

When designing a heat exchanger, the heat exchange surface material needs to be considered. 

Due to the corrosiveness of the gas, the material needs to be corrosion resistant. The corro-

sion resistant stainless steel can be widely used in heat exchangers. Other possible materials 

are different alloys, such as nickel/chromium-based Incoloy and nickel-based Hastelloy. 

(Sekulic & Shah, 2023) Stainless steel was chosen for heat transfer surface material due to 

its low cost compared to alloys. For reference, stainless steel price per kg in UK/Europe is 

3.74 € while Incoloy is 19 €/kg and Hastelloy 75 €/kg. (Fastwell Engineering Pvt Ltd, 

2.5.2025) Note that these prices change rapidly. It is also common that some kind of a 
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coating is added to improve the thermal conductivity of the heat transfer surface. Common 

coating materials are for example copper and nickel.  According to Incropera (2007, p.929-

931), the thermal conductivity of pure nickel is 90.7 W/m2 K and 401 W/m2 K for pure 

copper in 300 K. Higher thermal conductivity is an advantage. Copper has also higher ther-

mal diffusivity. The final material choice shall be consulted and confirmed by the manufac-

turer. Corrosion resistance and price are also important aspects to consider.  

9  Analysis of the proposed drying system 

In this Chapter, the results introduced in Chapter 8 are analysed in more detail. A sensitivity 

analysis is performed in DWSIM to analyse the effect of air into the new drying system.  

9.1  Main result summary and heat exchanger profiles 

Main results of the heat exchanger dimensions are collected into Table XVII.  

Table XVII. Summary of the results for the two heat exchangers 

 Heat exchanger 1 Heat exchanger 2 

Maximum heat exchange, 

[kW] 

2.002 0.527 

Area, [m2] 0.5525 0.219 

Plate amount 18 9 

Water condensed, [kg/h] 2.846 0.716 

Total condensed water, [kg] 26,54 

 

Table XVIII introduces the final outcome for the product gas stream to the compressor. The 

share of air is still incorporated as an inert gas into the share of  CO2.  

 

 



65 

 

Table XVIII. Product gas stream properties and composition entering the vacuum compres-

sor after the new drying unit 

Temperature 275.15 K 

Total mass flow 1,878 kg/h 

H2O mass fraction 0.172 - 

CO2 mass fraction 0.828 - 

 

These results indicate that total captured CO2 amount in this one cycle is 11.58 kg. Note that 

this value consists also the share of non-condensable impurities. As discussed earlier, the 

solubility of CO2 in water is 0,01 mol%. When converted to mass fractions, it corresponds 

to approximately 0.024 m% of the condensed water consisting dissolved CO2 . Meaning that 

theoretically, the product lost per one cycle is 6.4 grams. The mass flow of water vapor was 

reduced under the limit of the compressor (0.6 kg/h).  

Heat exchanger profiles generated in DWSIM are shown in Figures 24 and 25. They show 

the coolant (cold fluid) and product gas (hot fluid) streams temperatures as a function of heat 

transfer rate.  

 

Figure 24. Heat exchange profile for the first heat exchanger after DAC unit 
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The heat exchange rate drops rapidly at Q < 0.2 kW and is then constant.  The coolant tem-

perature does not change over the heat exchanger. The goal was to achieve condensation 

already in the heat exchanger.  During condensation latent heat is released and the tempera-

ture of product gas remains constant. The coolant temperature remains constant over the heat 

exchanger which can be due to a significant flow rate difference between the cold and hot 

stream.  

Phase change was considered in the heat exchanger sizing calculations by adding latent heat 

into the overall required heat transfer. There are, however, other correlations that would be 

more suitable particularly for a phase change application, since the logarithmic mean tem-

perature difference does not consider the phase change. It can be seen from Figure 24 that 

the heat exchange profile is not logarithmic. The condensation is assumed to be film-wise 

against the vertical plates of the heat exchanger.  

In phase change applications, instead of logarithmic mean temperature difference, the tem-

perature difference between the average gas and the plate heat exchanger wall temperature 

should have been used in Equation 18 to calculate the needed heat exchange area. Since the 

overall heat transfer coefficient was only taken from literature, it might have been inaccurate 

and caused uncertainties to the calculations. A more accurate overall heat transfer coefficient 

could have been obtained by calculating the heat transfer coefficients from corresponding 

relevant correlations developed specifically for phase change applications. However, these 

correlations require many unknown parameters (Geankoplis., 2003, p.289). Therefore, the 

simplified approach introduced in this thesis gives reasonable results and provides a basis 

for further parameterization aligned with the company’s needs. 

However, the operating point (2.0 kW) is very close to the upper limit of capacity which is 

not ideal for operational flexibility. The pinch point is achieved at the very end of the heat 

exchanger, where the temperature difference between the coolant and product gas is at its 

minimum. This indicates that it is not ideal to continue the heat exchange in the same heat 

exchanger anymore considering energy efficiency. (Ullmann., 2005) 
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Figure 25. Heat exchange profile for the second heat exchanger 

The heat exchange profile for the second heat exchanger differs from the first heat ex-

changer. In Figure 25, the product gas temperature decreases steadily which indicates that 

condensation might not occur. Overall, the gas composition and difficult drying conditions 

affect the temperature range of the coolant which needed to be limited to very small in order 

to prevent the heat exchanger to operate in negative conditions.  

9.2  The effect of air on the drying process 

In this Chapter, the effect of the residual air is analysed in more detail. The presence of inert 

air in the product gas alters the gas composition and the thermodynamic conditions of con-

densation. If the total pressure is held constant, adding air into the product gas reduces the 

partial pressures of other components. If the water vapor pressure is decreased, condensation 

requires lower process temperatures to occur. According to Soustelle (2015, p.27) the satu-

ration vapor pressure of the condensable component is affected by the presence of an inert 

gas, but the significance remains relatively small. Following Equation introduces the ther-

modynamic relation for the explained phenomenon.  

 



68 

 

𝑝𝑤,𝑚𝑖𝑥 = 𝑝𝑤,𝑝𝑢𝑟𝑒 exp (𝜈𝑤 ∙  
𝑝𝑡𝑜𝑡 − 𝑝𝑤,𝑝𝑢𝑟𝑒

𝑅𝑇
) (20) 

Where  𝜈𝑤 molar volume of water, m3/mol 

In conclusion, the presence of impurities other than water vapor, reduces the efficiency of 

the drying process. However, due to the relatively high latent heat needed for water conden-

sation compared to the sensible heat of the inert gases, the impact on the overall energy 

balance remains limited. 

The simulation model of the drying unit (Figure 23) was used to analyse the effect of air 

concentration on this specific drying outcome using a sensitivity study tool.  According to 

the product gas concentration measurements, air can comprise over three percent of the gas 

(Table VIII). The range of air concentration in the inlet stream from DAC was chosen to be 

0-0.04 mole fractions and 10 test points were collected. The effect of increasing the air con-

centration in the inlet stream was analysed in terms of condensed mass flow after each heat 

exchanger (kg/h) All the other parameters, such as temperature and pressure were kept con-

stant. The results are in Figures 26 and 27. 

 

Figure 26. Effect of air inlet molar fraction on the condensed water mass flow from the 

first heat exchanger 

As expected, the addition of air into the stream has a reducing effect into the condensation 

of water in the first heat exchanger. When the partial pressure of water (water vapor pressure) 
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decreases, saturation is not achieved at same temperatures and naturally less water from 

DAC indicates less condensed water. Ideally, the sensitivity analysis should have been per-

formed in a way that keeps the fraction of water in the inlet constant, and the amount of air 

is increased at the expense of carbon dioxide. Such as approach was not possible with the 

simulation tool in use.  

 

Figure 27. Effect of air inlet molar fraction on the condensed water mass flow from the 

second heat exchanger 

Figure 27 indicates the opposite, which can be a cause of the fact that since condensation 

decreases in the first heat exchanger, there is higher proportion of water in the stream after 

the first heat exchanger. It is noticeable that the air increase alone affects only up to the ~1,3 

mol% before the system reaches a steady state.  

The air concentration alone does not determine the amount of condensation that occurs, 

which explains why the mass flow of the condense remains constant after ~1,3 mol% of air 

in the stream. Several factors impact the drying process, such as system pressure, tempera-

ture and the relative humidity of the product gas. One significant factor, that affects the out-

come, is the amount of liquid water in the heat exchanger inlet. Since the amount of liquid 

water in the inlet was not known, the simulation software calculated with full vapor phase 

in the inlet of the heat exchanger (see Table XVI). The reason the condensation rate stops 

changing after a certain percent was analysed by keeping the water mole fraction the same 
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and adding more air to the system by taking parts of the CO₂ fraction. Once the air amount 

in the inlet stream reached 1.3 mol%, the system reached a point where it is physically im-

possible for water to be in fully vapor form. Before this point, increasing the air content did 

not have a significant effect on the drying process. In conclusion, to effectively analyse the 

impact of air on this process, the amount of condensed water already in the pipe downstream 

the DAC unit should be investigated in more detail.  

10  Conclusions and further research 

Direct air capture is a promising method for reducing carbon dioxide in the atmosphere and 

by that one of the key technologies in hindering the climate change. The humidity of air 

causes a high product gas water concentration. In order to protect the process equipment and 

pipelines from corrosion and to produce pure CO2, the product gas must be dried before 

further processing or transportation. The focus in this thesis was on analysing the existing 

product gas drying process and discussing the effects of desorption conditions and impurities 

on it. The main purpose of this thesis was to design and size a drying unit based on test 

results obtained from a direct air capture test unit and basic heat exchange calculations. Ad-

ditionally, a reusable model was developed that uses these calculations.  

A model for calculating the key process parameters, such as flow rate and gas concentration 

at different parts of the process was developed in Excel. The model is reusable with different 

data series. The effect certain process parameters into the flowrate, such as temperature, 

pressure and relative humidity can be analysed with the model. Also, a MATLAB-based 

function for sizing heat exchangers when the specific process conditions are known was 

developed. These tools can be used together to define the needed drying equipment under 

varying operational conditions.  

The new drying unit was modelled in a simulation software DWSIM. The new proposal of 

the product gas drying unit consists of two plate heat exchangers that both are followed by 

a gas-liquid separator. This new drying unit will be located to fully replace the existing one. 

According to the simulation, water concentration in the product gas before the vacuum com-

pressor can be reduced to 0.172 mole fraction.  
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The calculation model involves a lot of uncertainties due to several assumptions and unex-

plained phenomena in the test results. The calculation procedure used averaged values of the 

trimmed data of Test 2. These values provided a reasonable estimation of the actual condi-

tions, but the calculation method should be performed with more data and with a dynamic 

model to achieve a more precise outcome. Also, more reliable flow rate data, for example 

from flow rate gauges would also accelerate the use of the calculation model. When analys-

ing the product gas concentration, humidity and partial pressures in different parts of the 

process, it should be noted that there can be significant variation between runs that are not 

from the same day. It was observed that running few adsorption-desorption cycles before 

performing the measurements and having a longer desorption time, improved the test results.  

Air was not included in the preliminary sizing calculations. The effect of air in the DAC 

drying process was analysed through a sensitivity study in DWSIM after the new drying unit 

was designed. Overall, the amount of inert gases affects the drying process, because they 

change the product gas composition significantly. According to the test results, air can take 

over 3 mol% of the product gas. The amount of air should be monitored, since different 

transportation applications have limits for nitrogen, oxygen and argon (Table I).   

Further research and analyses are needed. The new test equipment should be tested in prac-

tice and the model for calculating the product gas properties should be transformed into a 

dynamic mode to be able to use it in changing process conditions and to switch easily be-

tween data. A more detailed analysis on the heat transfer coefficient in this case would im-

prove the accuracy of the results. However, the drying would be more efficient in high-

pressure conditions than in the desorption conditions. Optimal situation would be that the 

product gas is dried in the desorption conditions under the limit of the vacuum compressor 

and adding a condenser after the compressor to enhance the results. However, it must be 

remembered that condensation occurs already simply by the significant pressure change.  

This thesis provides the steps for determining the DAC product gas concentration and flow 

rate, as well as the methods used in sizing a new drying unit. These methods can be auto-

mated and applied to different direct air capture applications to ensure effective equipment 

configuration solutions that mitigate CO2 levels in the atmosphere while producing clean 

product gas.  

 



72 

 

References 

Albright, L. F. (2009). Albright’s chemical engineering handbook. CRC Press. P. 976 

Anon (2010). VDI heat atlas. 2nd ed. Berlin: Springer. P. 105 

Anon (2022). Direct Air Capture: A key technology for net zero. [Online]. Paris: OECD 

Publishing. https://doi.org/10.1787/bbd20707-en 

Bielka, P., Kuczyński, S., & Nagy, S. (2023). CO2 Compression and De-hydration for 

Transport and Geological Storage. Energies, 16(4), 1804. 

https://doi.org/10.3390/en16041804 

Bisotti, F., Hoff, K. A., Mathisen, A., & Hovland, J. (2024). Direct Air capture (DAC) de-

ployment: A review of the industrial deployment. Chemical Engineering Science, 283, 

119416-. https://doi.org/10.1016/j.ces.2023.119416 

Bos, M. J., Pietersen, S., & Brilman, D. W. F. (2019). Production of high purity CO2 from 

air using solid amine sorbents. Chemical Engineering Science. X, 2, 100020-. 

https://doi.org/10.1016/j.cesx.2019.100020 

Carroll, J. J., Slupsky, J. D., & Mather, A. E. (1991). The solubility of carbon dioxide in 

water at low pressure. Journal of Physical Chemistry, 95(6), 1201-1209. 

Castro-Muñoz, R., Zamidi Ahmad, M., Malankowska, M., & Coronas, J. (2022). A new 

relevant membrane application: CO2 direct air capture (DAC). Chemical Engineering 

Journal (Lausanne, Switzerland : 1996), 446, 137047-. 

https://doi.org/10.1016/j.cej.2022.137047 

Climeworks. “Orca: The First Large-Scale Plant.” Climeworks, 

https://climeworks.com/plant-orca Accessed 26.5.2025 

Cooper, J. K. (ed.) (2016). Heat exchangers: Characteristics, types and emerging applica-

tions. New York: Novinka. P. 3-11 

Elfving, J. (2021). Direct capture of CO2 from air using amine-functionalized resin - Effect 

of humidity in modelling and evaluation of process concepts. Lappeenranta-Lahti University 

of Technology LUT. 

https://doi.org/10.3390/en16041804
https://doi.org/10.1016/j.ces.2023.119416
https://doi.org/10.1016/j.cesx.2019.100020
https://doi.org/10.1016/j.cej.2022.137047
https://climeworks.com/plant-orca


73 

 

Fastwell Engineering (2025) Hastelloy. Retrieved 2.5.2025 Available: https://www.fast-

well.in/hastelloy.html 

Fastwell Engineering (2025) Incoloy. Retrieved 2.5.2025 Available: https://www.fast-

well.in/incoloy.html 

Fastwell Engineering (2025) Stainless steel. Retrieved 2.5.2025 Available: https://www.fast-

well.in/stainless-steel.html  

Fujikawa, S., Selyanchyn, R., & Kunitake, T. (2021). A new strategy for membrane-based 

direct air capture. Polymer Journal, 53(1), 111–119. https://doi.org/10.1038/s41428-020-

00429-z 

Fujikawa, S., & Selyanchyn, R. (2022). Direct air capture by membranes. MRS Bulletin, 

47(4), 416–423. https://doi.org/10.1557/s43577-022-00313-6 

Geankoplis, C. J. (2003). Transport processes and separation process principles (includes 

unit operations) (4th ed.). Prentice-Hall. p.289 

Gholami, M., Van Assche, T. R., & Denayer, J. F. (2023). Temperature vacuum swing, a 

combined adsorption cycle for carbon capture. Current Opinion in Chemical Engineering, 

39, 100891-. https://doi.org/10.1016/j.coche.2022.100891 

Goos, E., Riedel, U., Zhao, L., & Blum, L. (2011). Phase diagrams of CO2 and CO2–N2 gas 

mixtures and their application in compression processes. Energy Procedia, 4, 3778–3785. 

https://doi.org/10.1016/j.egypro.2011.02.312 

Greenspan L. (1976). Functional Equations for the Enhancement Factors for CO2-Free Moist 

Air. Journal of research of the National Bureau of Standards. Section A, Physics and chem-

istry, 80A(1), 41–44. https://doi.org/10.6028/jres.080A.007 16.1.2025 Functional Equations 

for the Enhancement Factors for CO2-Free Moist Air - PMC  

Hardy, B., (1998) ITS-90 Formulation for vapor pressure, frostpoint temperature, dewpoint 

temperature, and enhancement factors in the range -100 to 100 C, Thunder Scientific Cor-

poration 

 

 

https://www.fastwell.in/stainless-steel.html
https://www.fastwell.in/stainless-steel.html
https://doi.org/10.1557/s43577-022-00313-6
https://doi.org/10.6028/jres.080A.007%2016.1.2025
https://pmc.ncbi.nlm.nih.gov/articles/PMC5291312/#b2-jresv80an1p41_a1b
https://pmc.ncbi.nlm.nih.gov/articles/PMC5291312/#b2-jresv80an1p41_a1b


74 

 

Hunt, R., Gillbanks, J., Czapla, J., Wan, Z., Karmelich, C., White, C., & Wood, C. (2024). 

Representative longevity testing of direct air capture materials. Chemical Engineering 

Journal (Lausanne, Switzerland : 1996), 481, 148901-. 

https://doi.org/10.1016/j.cej.2024.148901 

Incropera, F. P. (2007). Fundamentals of heat and mass transfer (6th ed.). Wiley. P.929-931 

Jiang, L., Wang, R. Q., Gonzalez-Diaz, A., Smallbone, A., Lamidi, R. O., & Roskilly, A. P. 

(2020). Comparative analysis on temperature swing adsorption cycle for carbon capture by 

using internal heat/mass recovery. Applied Thermal Engineering, 169, 114973-. 

https://doi.org/10.1016/j.applthermaleng.2020.114973  

Kemper, J., Sutherland, L., Watt, J., & Santos, S. (2014). Evaluation and Analysis of the 

Performance of Dehydration Units for CO2 Capture. Energy Procedia, 63, 7568–7584. 

https://doi.org/10.1016/j.egypro.2014.11.792  

Khalid, M., Dharaskar, S. A., Sillanpää, M., & Siddiqui, H. (2022). Emerging Carbon Cap-

ture Technologies - Towards a Sustainable Future (1st ed.). Elsevier. 

https://doi.org/10.1016/C2020-0-02715-5 , p. 4 

Leperi, K. T., Snurr, R. Q., & You, F. (2015). Optimization of Pressure/Vacuum Swing Ad-

sorption with Variable Dehydration Levels for Post Combustion Carbon Capture. Computer 

Aided Chemical Engineering, 37, 2447–2452. 

Li, G., & Yao, J. (2024). Direct Air Capture (DAC) for Achieving Net-Zero CO2 Emissions: 

Advances, Applications, and Challenges. Eng (Basel, Switzerland), 5(3), 1298–1336. 

Li, Y., Shen, Y., Niu, Z., Tian, J., Zhang, D., Tang, Z., & Li, W. (2023). Process analysis of 

temperature swing adsorption and temperature vacuum swing adsorption in VOCs recovery 

from activated carbon. Chinese Journal of Chemical Engineering, 53(1), 346–360. 

https://doi.org/10.1016/j.cjche.2022.01.029  

Low, M.-Y. (Ashlyn), Barton, L. V., Pini, R., & Petit, C. (2023). Analytical review of the 

current state of knowledge of adsorption materials and processes for direct air capture. 

Chemical Engineering Research & Design, 189, 745–767. 

https://doi.org/10.1016/j.cherd.2022.11.040 

https://doi.org/10.1016/j.cej.2024.148901
https://doi.org/10.1016/j.applthermaleng.2020.114973
https://doi.org/10.1016/j.egypro.2014.11.792
https://doi.org/10.1016/C2020-0-02715-5
https://doi.org/10.1016/j.cjche.2022.01.029


75 

 

Mahmoudkhani, M., Heidel, K. R., Ferreira, J. C., Keith, D. W., & Cherry, R. S. (2009). 

Low energy packed tower and caustic recovery for direct capture of CO2 from air. Energy 

Procedia, 1(1), 1535–1542. https://doi.org/10.1016/j.egypro.2009.01.201 

Maroto-Valer, M. M. (2010). Carbon dioxide (CO2) capture, transport and industrial ap-

plications. CRC Press. P. 388 

McQueen, N., Gomes, K.V., McCormick, C., Blumanthal, K.  Pisciotta, M.   Wilcox, J. 

(2021), A review of direct air capture (DAC): scaling up commercial technologies and inno-

vating for the future Prog. Energy, 3 p. 032001, 10.1088/2516-1083/abf1ce 

Nakao, S., Yogo, K., Goot, K., Kai, T., Yamada, H. (2019). Advanced CO2 Capture Tech-

nologies. Springer 

NIST. (2025). Carbon dioxide. Retrieved 15.5.2025 https://web-

book.nist.gov/cgi/cbook.cgi?ID=C124389&Units=SI&Mask=1#Thermo-Gas 

NIST. (2025). Water. Retrieved 15.5.2025 https://web-

book.nist.gov/cgi/cbook.cgi?ID=C7732185&Units=SI&Mask=7 

Ozkan, M. (2021). Direct air capture of CO2: A response to meet the global climate targets. 

MRS Energy & Sustainability, 8(2), 51–56. https://doi.org/10.1557/s43581-021-00005-9  

Ozkan, M., Nayak, S. P., Ruiz, A. D., & Jiang, W. (2022). Current status and pillars of di-

rect air capture technologies. iScience, 25(4), 103990-. 

https://doi.org/10.1016/j.isci.2022.103990 

Perry, R. H., & Green, D. W. (1997). Perry’s chemical engineers’ handbook (7th ed.). 

McGraw-Hill. Ch. 10, p. 19 

Qiu, L., Mokhtarinori, N., Liu, H., Jiang, D., Yang, Z., & Dai, S. (2025). The carbon chal-

lenge: Design, synthesis, and chemisorption behavior of solid sorbents in direct air capture 

of carbon dioxide. Materials Today Energy, 47, 101740-. 

https://doi.org/10.1016/j.mtener.2024.101740  

Rackley, S. A. (2017). Carbon Capture and Storage. (2nd ed.). Elsevier Science & Tech-

nology.  Chapter 6 

https://doi.org/10.1016/j.egypro.2009.01.201
https://doi.org/10.1088/2516-1083/abf1ce
https://webbook.nist.gov/cgi/cbook.cgi?ID=C124389&Units=SI&Mask=1#Thermo-Gas
https://webbook.nist.gov/cgi/cbook.cgi?ID=C124389&Units=SI&Mask=1#Thermo-Gas
https://webbook.nist.gov/cgi/cbook.cgi?ID=C7732185&Units=SI&Mask=7
https://webbook.nist.gov/cgi/cbook.cgi?ID=C7732185&Units=SI&Mask=7
https://doi.org/10.1557/s43581-021-00005-9
https://doi.org/10.1016/j.mtener.2024.101740


76 

 

Romero-Marimon, P., Gutiérrez-Sevillano, J. J., & Calero, S. (2023). Adsorption of Carbon 

Dioxide in Non-Löwenstein Zeolites. Chemistry of Materials, 35(13), 5222–5231. 

https://doi.org/10.1021/acs.chemmater.3c01258 

Sekulic, D. P., & Shah, R. K. (2023). Fundamentals of Heat Exchanger Design. (2nd ed.). 

John Wiley & Sons, Incorporated. P. 637 

Shi, X., Xiao, H., Azarabadi, H., Song, J., Wu, X., Chen, X., & Lackner, K. S. (2020). 

Sorbents for the Direct Capture of CO2 from Ambient Air. Angewandte Chemie Interna-

tional Edition, 59(18), 6984–7006. https://doi.org/10.1002/anie.201906756 

Subraveti, S. G., Pai, K. N., Rajagopalan, A. K., Wilkins, N. S., Rajendran, A., Jayaraman, 

A., & Alptekin, G. (2019). Cycle design and optimization of pressure swing adsorption cy-

cles for pre-combustion CO2 capture. Applied Energy, 254, 113624-. 

https://doi.org/10.1016/j.apenergy.2019.113624  

Sujan, A. R., Pang, S. H., Zhu, G., Jones, C. W., & Lively, R. P. (2019). Direct CO2 Cap-

ture from Air using Poly(ethylenimine)-Loaded Polymer/Silica Fiber Sorbents. ACS Sus-

tainable Chemistry & Engineering, 7(5), 5264–5273. 

https://doi.org/10.1021/acssuschemeng.8b06203  

Tanchuk, B., et al. (2013). Adsorptive drying of CO2 using low-grade heat and humid, am-

bient air. Separation and Purification Technology, 120, 354–361. 

Thommes, M., Kaneko, K., Neimark, A. V., Olivier, J. P., Rodriguez-Reinoso, F., 

Rouquerol, J., & Sing, K. S. W. (2015). Physisorption of gases, with special reference to the 

evaluation of surface area and pore size distribution (IUPAC Technical Report). Pure and 

Applied Chemistry, 87(9), 1051–1069. https://doi.org/10.1515/pac-2014-1117 

Ullmann, F. (2005). Ullmann’s Chemical Engineering and Plant Design. John Wiley & Sons 

Incorporated.  

Umegaki, T., Noguchi, D., & Fukumoto, T. (2023). Adsorption of Carbon Dioxide on Shi-

rasu‐based Materials. ChemistrySelect (Weinheim), 8(45). 

https://doi.org/10.1002/slct.202302810 

Vaisala (2023) Humidity Conversions – Formular and methods for calculating humidity pa-

rameters. Ref. B210973EN-M ©Vaisala 2023  

https://doi.org/10.1021/acs.chemmater.3c01258
https://doi.org/10.1002/anie.201906756
https://doi.org/10.1016/j.apenergy.2019.113624
https://doi.org/10.1021/acssuschemeng.8b06203
https://doi.org/10.1515/pac-2014-1117
https://doi.org/10.1002/slct.202302810


77 

 

Vaisala (2024) HMP7 Relative Humidity and Temperature Probe. Ref. B211677EN-G © 

Vaisala 2024. Available at: https://docs.vaisala.com/v/u/B211677EN-G/en-US  

Vaisala (2024) TMP1 Temperature Probe Datasheet. B211685EN-H © Vaisala 2024. 

Available at: https://docs.vaisala.com/v/u/B211685EN-H/en-US  

Vaisala Humidity Calculator. (n.d.)  https://humiditycalculator.vaisala.com/ , 28.4.2025  

Veneman, R., Frigka, N., Zhao, W., Li, Z., Kersten, S., & Brilman, W. (2015). Adsorption 

of H2O and CO2 on supported amine sorbents. International Journal of Greenhouse Gas 

Control, 41, 268–275. https://doi.org/10.1016/j.ijggc.2015.07.014  

Wang, J., Li, S., Deng, S., Zeng, X., Li, K., Liu, J., Yan, J., & Lei, L. (2023). Energetic and 

Life Cycle Assessment of Direct Air Capture: A Review. Sustainable Production and Con-

sumption, 36, 1–16. https://doi.org/10.1016/j.spc.2022.12.017  

Wilcox, J., et al. (2012). Carbon Capture. [Online]. New York, NY: Springer New York. P. 

53-114 

Witkowski, A., et al. (2015). Advances in Carbon Dioxide Compression and Pipeline Trans-

portation Processes. [Online]. Cham: Springer International Publishing. P. 21-23 

Xu, H., Yu, L., Chong, C., & Wang, F. (2024). A comprehensive review on direct air carbon 

capture (DAC) technology by adsorption: From fundamentals to applications. Energy Con-

version and Management, 322, 119119. https://doi.org/10.1016/j.enconman.2024.119119 

Young, J. et al. (2021) The impact of binary water–CO2 isotherm models on the optimal 

performance of sorbent-based direct air capture processes. Energy & environmental science. 

[Online] 14 (10), 5377–5394. 

Zhang, L. (2023). Corrosion in CO2 Capture, Transportation, Geological Utilization and 

Storage : Causes and Mitigation Strategies (1st ed. 2023.). Springer Nature Singapore. 

https://doi.org/10.1007/978-981-99-2392-2, p.34-39 

https://docs.vaisala.com/v/u/B211677EN-G/en-US
https://docs.vaisala.com/v/u/B211685EN-H/en-US
https://humiditycalculator.vaisala.com/
https://doi.org/10.1016/j.ijggc.2015.07.014
https://doi.org/10.1016/j.spc.2022.12.017
https://doi.org/10.1016/j.enconman.2024.119119
https://doi.org/10.1007/978-981-99-2392-2


1 

 

Appendix 1.Vaisala Multigas probe MGP241 calibration certificate 

 

 


