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Abstract

The increasing adoption of hydrogen in industrial applications is driven by its potential to decar-
bonize various industries. Among the various methods of hydrogen production, water electrolysis is
considered one of the environmentally friendliest options. However, hydrogen produced from water
electrolysis contains impurities such as oxygen and water vapour, and the required level of purity varies
depending on the specific industrial application.

To address this issue, catalytic recombination of hydrogen and oxygen into water is selected as a
method for oxygen removal due to its high efficacy in completely converting oxygen. Subsequently, hy-
drogen drying is achieved using Pressure Swing Adsorption (PSA) following the catalytic recombination
process. This thesis work primarily focuses on the modelling and sizing of adsorption columns within
the PSA system. One-dimensional dynamic models describing the pressurization, adsorption, depres-
surization, and desorption steps of PSA are mathematically derived and developed in Python. The
adsorption modelling approach is validated using experimental data from a scientific paper. Insightful
information was obtained during the model validation process, shedding light on the consequences of
the assumptions made to simplify the energy balance, as well as revealing the decrease in adsorption
capacity during the pressurization process.

The PSA system is designed to process 400 kg of hydrogen per day with the aim of reducing the
water vapour content below 5 ppm. While pressure plays a central role in PSA control, it has been
discovered that the primary design challenge relates to temperature control within the operating range.
Therefore, adsorption column sizing is optimized, taking into account PSA performance and required
energy input. A sensitivity analysis is conducted to identify the optimal adsorbent, considering zeolite
3A and silica gel. Based on the results, a column length of 2meters and a diameter of 0.0914meters are
considered optimal for zeolite-packed adsorption columns, resulting in a productivity of 35.62 mol/hr/kg
and requiring 50.21 kJ during the desorption step. The optimal size for silica gel-packed adsorption
columns has not been determined due to a significant temperature drop during desorption, which could
risk ice formation and subsequent flow blockage. Nevertheless, silica gel, with its higher adsorption
capacity leading to a longer adsorption step, remains a viable option from an operational perspective
and should not be disregarded as a potential choice.
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1
Introduction

1.1. Motivation
The part of the incident short-wave solar radiation (0.2-4 µm) is consumed to heat the Earth’s surface

and the heated Earth’s surface emits long-wave radiation (4-100 µm) which is partially adsorbed by
greenhouse gases, mainly CO2, CH4 and N2O, and reemitted back towards Earth’s surface heating air
temperature near Earth’s surface [1]. This phenomenon is called the greenhouse effect and it helps to
maintain a comfortable temperature for Earth’s habitants as without greenhouse gases Earth’s surface
temperature would be much colder [2]. Since the Industrial Revolution greenhouse gas content in the
atmosphere has increased significantly, in particular, CO2 accounting for a 50% rise [3]. It increased the
average Earth’s temperature to 1.0 ◦C compared to pre-industrial revolution time, otherwise known as
global warming [4]. Global warming affects negatively all forms of life on the Earth and the economies
[5].

The governments of 195 countries agreed to make combined efforts to mitigate climate change
in Paris in 2015. Paris Agreement set the goal to limit a global temperature rise in the 21st century
well below 2 degrees Celsius above pre-industrial levels [6]. In order to achieve this goal, greenhouse
emissions should be reduced by 45% by 2030 and reach net zero by 2050 [7]. The global shift towards
renewable technologies is motivated by these climate targets.

Figure 1.1: Global hydrogen production in 2020 and 2021 [8]

According to the Global Hydrogen Review 2022 [8] report prepared by the International Energy
Agency global hydrogen production reached 94 million tonnes in 2021 with corresponding 900 million

1



1.2. Decarbonization 2

tonnes of CO2 emissions. Almost 200 million tonnes of hydrogen should be produced by 2030 to be
on track for net zero emissions by 2050. Only 35 kilotonnes out of 94 million tonnes of hydrogen were
produced via water electrolysis. An enormous effort is needed to bridge the gap in total hydrogen
production and make the production process environmentally friendly.

1.2. Decarbonization
The hydrogen is classified as grey, blue and green depending on CO2 emissions involved during

hydrogen production. The hydrogen produced by steam methane reforming (SMR) or coal gasification
is called grey hydrogen. SMR plant emits 7 kg CO2/ kg H2 on average, while coal gasification results in
19-23 kg CO2/ kg H2 [9, 10]. The grey hydrogen production incorporated with carbon capture and stor-
age is referred to as blue hydrogen. Blue hydrogen can not be a long-term solution since not all CO2

can be captured and additional CO2 is emitted during the production process making blue hydrogen’s
CO2 footprint only 9-12 % less compared to grey hydrogen [11]. The hydrogen produced from elec-
trolysis using renewable energy sources is called green hydrogen. Green hydrogen is environmentally
more sustainable compared to blue and grey hydrogens, however, only 4 % of global hydrogen pro-
duction is based on water electrolysis [12]. Green hydrogen has great potential to significantly reduce
CO2 emissions in various industries.

Figure 1.2: Global CO2 emissions in 2020 and 2021 [13]

Currently, major hydrogen application attributes to ammonia production. In the Haber-Bosch pro-
cess, hydrogen is reacted with nitrogen to produce ammonia. Hydrogen used in the reaction comes
from steam methane reforming (SMR) and water gas shift (WGS) reactions. The issue with conven-
tional technology is CO2 emission. Replacing hydrogen produced from SMR and WGS with green
hydrogen can help solve the problem.

The steel industry is responsible for 7-9 % of global CO2 emissions generating an average of 1.85
tonnes of CO2 per tonne of crude steel [14]. The integration of hydrogen in the steel industry could
reduce CO2 emissions by 90 % [15].

The buildings and heating sector make up one-third of all energy demand and is responsible for
12% overall emissions [12]. The main feedstocks for heat generation are fossil fuels such as coal, oil
and natural gas. The emitted CO2 varies depending on the fossil fuel type. It is beneficial to combust
green hydrogen instead of fossil fuel as hydrogen combustion product does not have any CO2.

Transportation accounts for approximately 22 % of overall CO2 emissions [12]. The current use
of hydrogen is attributed to fuel-cell electric vehicles (FCEV). The number of FCEVs has been grow-
ing steadily and reached the value of 59000 by end-June 2022 [8]. Expected hydrogen application
expansion to heavy-duty vehicles and maritime in the near future suggests an increase in demand for
hydrogen.

1.3. XINTC B.V.
XINTC is a Dutch start-up company established in 2012. XINTC develops, produces and markets

smart alkaline electrolysis with a capacity range between 150 kW and 50 MW. The use of abundant
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materials in electrolyser manufacturing and a modular design approach gives XiNTC advantages in
flexible production scale and levelised cost of hydrogen over its competitors. XINTC electrolysers
come as containerized units. The produced hydrogen can be delivered to the end user with a pressure
of up to 30 bar.

Figure 1.3: Modular design concept

1.4. Research questions
Hydrogen produced from water electrolysis contains impurities such as oxygen and water vapour.

Hydrogen contamination occurs due to oxygen crossover [16]. The ability of hydrogen to hold water
vapour is governed by vapour-liquid equilibrium and increases with lower pressures [17].

Predominantly pure hydrogen is used in ammonia production, refining and transportation [18]. The
purity level of pure hydrogen varies from 99.99 % and 99.999 % depending on the application [19].

The hydrogen for fuel cell vehicles is compressed up to 875 bar in order to store it efficiently in a given
volume. The hydrogen expansion during the refuelling process involves a non-negligible temperature
rise due to the negative Joule-Thompson coefficient at this pressure level. During the filing process,
the temperature should be kept below 85◦C to avoid mechanical disintegration of the tank and for that
reason, the compressed hydrogen needs to be brought to temperatures between -33◦C and -40◦C
before refuelling. The presence of water in hydrogen might lead to ice formation during the cooling
process, which can restrict hydrogen flow in the system [20].

Oxygen impurity constraints come from ISO 14687:2019 [21] which describes impurity requirements
for hydrogen applied in proton exchange (PEM) fuel cells. The carbon-supported platinum and platinum
alloy catalyst employed as an anode in the PEM fuel cell is susceptible to liquid water which is formed
by hydrogen and oxygen reaction [22, 23]. The possible reason for limiting oxygen impurity is linked
with catalyst protection.

Oxygen and water vapour content in hydrogen should be constrained to very low levels due to
the above-mentioned reasons. Thus, it is necessary to post-process hydrogen produced from water
electrolysis. The post-processing steps include storage, cooling, catalytic purification and drying of
hydrogen using PSA or TSA.

The ultimate task is to design the hydrogen-purifying process with a production rate of 400 kg of pure
hydrogen per day which is equivalent to 1 MW electrolyser capacity. And the design should be efficient
in terms of energy and cost. Therefore, the following research questions have been formulated:

• How to model the deoxygenation and drying units to obtain process design objectives?
• How does adsorbent material affect adsorption and bed regeneration?
• How to maintain continuous adsorption and desorption operations?
• How to minimize the energy input required to purify hydrogen?



2
Literature study

2.1. Hydrogen production
The researches mainly focus on keeping hydrogen concentrations below the explosive limit 4% on

the oxygen side of an electrolyser as the hydrogen crossover is higher than the oxygen crossover [24].
It means hydrogen contamination with oxygen is below 4% and impurity concentrations in hydrogen
depend on the type of water electrolysis technology [25]. Therefore a brief summary of common water
electrolysis technologies will be given below.

2.1.1. Alkaline water electrolyser

Alkaline water electrolysis cells consist of an anode and cathode submerged in a liquid electrolyte.
The base KOH or NaOH is used to prepare an electrolyte as the conductivity of pure water is very
low. KOH or NaOH concentration in electrolyte vary from 25 wt% to 40 wt%. Oxygen evolution and
hydrogen evolution reactions take place at the anode and cathode respectively.

Cathode (HER) : 2H2O+ 2e− → H2 + 2OH− (2.1)

Anode (OER) : 2OH− → 1

2
O2 + H2O+ 2e− (2.2)

The anode and cathode are separated by a diaphragm to prevent gas mixing. The diaphragm
material should have high ionic conductivity to reduce Ohmic losses and should be able to withstand
operating temperature, which is between 70◦C and 90◦C for AWE. The advantage of AWE is that it is
a well-known technology and cheaper compared to other electrolysers because does not require noble
metal catalyst material. The disadvantages are related to hydrogen contamination by oxygen due to
gas crossover and limited operating current density range (0.2-0.8 A cm−2).

2.1.2. Proton exchange membrane electrolyser

The key component of the PEM electrolyser is a polymeric membrane coated with a catalyst. Nobel
metals such as platinum and iridium are used as a catalyst to resist the acidic environment of the
membrane (pH∼2) [26]. The electrodes can be placed very close to the membrane enabling a compact
design. The half-reactions on the anode and cathode are as follows:

Cathode (HER) : 2H+ + 2e− → H2 (2.3)

Anode (OER) : H2O → 1

2
O2 + 2e− + 2H+ (2.4)

The operating temperature of PEM electrolyser is within the range of 50◦C and 80◦C. PEM electrol-
yser provides pure hydrogen and can operate at a higher current density range (1-3 A cm−2) compared
to AWE electrolysers. It is also possible to increase the pressure on the cathode side, which allows
the end user to save energy on hydrogen compression. The high cost of PEM associated with catalyst
material makes it less competitive in the market.

4
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2.1.3. Anion exchange membrane electrolyser

Anion exchange membrane electrolysers feature the advantages of PEM and AWE electrolysers.
The solid electrolyte coupled with anion exchanging membrane allows for obtaining high-purity hydro-
gen. Similar to AWE electrolysers, hydroxide ions are employed for charge transfer in AEM electroly-
sers. The electrochemical reactions taking place on anode and cathode are described below:

Cathode (HER) : 4H2O+ 4e− → 2H2 + 4OH− (2.5)

Anode (OER) : 4OH− → O2 + 2H2O+ 4e− (2.6)

The reported operating current density range is between 0.2 and 2 A cm−2[27]. AEM electrolysers
have stability issues and the possibility of scaling technology up is not certain despite its advantages
in the current density range and cost.

2.2. Purificaion methods
The present gas purification technologies include adsorption, membrane separation (metal and

polymer membranes), metal hydride separation, cryogenic distillation and catalytic purification. The
driving force for membrane separation is the pressure difference. The scale of use is a restricting factor
of membrane separation. In cryogenic distillation, the separation is performed using differences in the
volatility of components. The cryogenic distillation application is limited due to high energy consumption.
Metal hydride separation is based on the ability of metals to absorb and desorb gases. Problems in
metal hydride separation are associated with material stability and a slow rate of release [28]. Catalytic
purification and adsorption have been chosen as optimal separation methods taking into account scale
of use, material constraints, energy consumption and feed composition.

Figure 2.1: Purfification methods calssfication [29]

2.2.1. Deoxygenation

The O2 content in H2 stream is typically in the range of 0.2-0.6% depending on the electrolyser type,
which is above the threshold, 5 ppm [30]. Catalytic recombination of oxygen and hydrogen theoretically
can decrease oxygen levels to zero without an external energy supply if an appropriate catalyst is
selected.
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Predominantly Pt and Pd are used as the catalyst material for the recombination of oxygen and hy-
drogen. The metals can absorb hydrogen and undergo structural deformation because of it. Therefore,
various Pt and Pd combinations with TiO2, Al2O3 and SiO2 are applied to solve the problem of catalyst
material stability. Catalysts are prone to deactivation due to thermal degradation and water poisoning.

Yorik et al. [30] used 1.2%Pd/Al2O3 catalyst to remove oxygen from a wet hydrogen stream with
0.2% water content. Feed enters to deoxygenation unit at room temperature, but heats up to 50-55◦C
because of the exothermic nature of the reaction. Oxygen content maintained below 4ppm. Issues
with catalyst embrittlement and deactivation are not mentioned after 500 minutes experiment duration.

Sang Ge et al. [31] investigated hydrogen and oxygen recombination reaction assisted with 0.2%
Pt/Al2O3 catalyst. The hydrogen and oxygen recombination reaction with a molar ratio of 2:1 in feed
resulted in the high-temperature range between 100◦C and 600◦C. Feed rate, cooling and hydrogen
feed distribution systems are used to control temperature and achieve uniform temperature distribution
in a reactor. Reported hydrogen conversion is close to 100%. The catalyst deactivation has been
observed when the reaction temperature was above 900◦C.

Lalik et al. [32] compare Pd, Pt and a combination of Pd-Pt catalysts, supported by Al2O3 and
SiO2, tendency to deactivate due to water formation coming from hydrogen and oxygen recombination
reaction. Pd/SiO2 shows higher H2 conversion rate compared to Pt/SiO2 and Pt/Al2O3 in stream with
composition 0.5 vol% H2 and 3 mol% H2O at 25◦C. Hydrogen conversion improves when the tem-
perature is increased to 50◦C. Lalik et al point out that catalysts with Pt are more vulnerable to water
poisoning compared to catalysts with Pd.

Most studies focus on removing hydrogen from waste streams in nuclear plants. Only Yorik et al.
[30] describes catalytic purification application to remove oxygen from hydrogen stream.

2.2.2. Hydrogen drying

Adsorption is a well-established technology which has become the common choice for gas purifi-
cation and drying. Adsorption exploits the phenomenon of substances accumulating on solid surfaces
when exposed to it. Depending on the nature of the bond created between gas and solid phases two
types of adsorption, namely physisorption and chemisorption, are classified. In physisorption interac-
tions between molecules are mainly governed by van der Waals forces. Whereas in chemisorption a
strong bond between molecules is formed. However, a reliable method of distinguishing physisorption
from chemisorption does not exist in practice [33].

The key element of efficient adsorption system design is a proper interpretation of adsorption isotherms.
Adsorption isotherm describes the dynamic equilibrium between molecules in the fluid phase and solid
phase. The adsorption isotherm is represented by the amount of adsorbate per unit mass of adsorbent
as a function of pressure at a constant temperature. Normally adsorption isotherms are obtained from
experiments. Therefore, Refs. [34, 35, 36, 37] have been studied to understand water loading on zeo-
lites, activated alumina and silica gel. In order to have an accurate comparison, adsorption isotherms
at the same temperature have been selected.

Figure 2.2: Pure water adsorption on zeolites at 25◦C [35, 36]
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As it can be seen in Figure 2.2 water adsorption isotherm on zeolites have a similar shape and
the highest water loading capacity can be achieved by zeolite 4A. Only by analysing the shape of the
adsorption isotherm, a few design remarks can already be made. For example, water loading does not
increase sufficiently above a partial pressure of 1 kPa, which means compressing feed above a certain
total pressure is not needed. Also, it can be observed that zeolites have high water uptake even at
low partial pressures. It makes zeolites suitable for purifying gases with low water concentration in the
feed.

Figure 2.3 shows pure water adsorption on silica gel and activated alumina and compares it with
zeolite with the best water loading performance. It can be seen that above partial pressure of 1.5 kPa,
silica gel and activated alumina have higher water loading compared to zeolite. In this case, the choice
of adsorbent might depend on feed composition because it determines partial pressure. The desorption
curve for activated alumina was included in the plot to highlight the difference between adsorption and
desorption.

Figure 2.3: Pure water adsorption on activated alumina and silica gel at 25◦C [34, 37]

The adsorption isotherms of only pure water on different adsorbents have been considered until
now. But since the objective is to separate gas mixture, the area of interest is selectivity. Selectivity
describes the tendency of one component of the mixture to get adsorbed more strongly compared to
other components. Scientific research focused on identifying adsorption isotherms for hydrogen and
water vapour mixture has not been found. The pure hydrogen adsorption on silica gel and zeolite 5A is
obtained from Refs. [38] and [39]. Based on acquired data hydrogen can be considered an inert gas
in general as hydrogen loading compared to water is very low.

Adsorption isotherm for pure component and adsorption isotherm for the same component in a mix-
ture differ. Wang et al. [36] compares the adsorption of pure CO2 and CO2 in the presence of water
vapour on zeolite 13X. The performed experiments demonstrate a decrease in CO2 uptake with an
increase in water content in the stream. He also mentions the ideal adsorbed solution theory (IAST)
and viral excess mixing coefficient (VEMC) models used for adsorption isotherm generation for multi-
component gases. The theory behind IAST and derivations is explained in detail in Ref. [40].

To separate gas, feed consisting of a gas mixture is put through a column filled with porous solid
adsorbent. The mixture component with stronger attraction to a solid surface is retained in the ad-
sorption column and the product with the required purity is obtained at the column outlet. Adsorbent
regeneration is needed for cost-effective operation. The key parameters for the regeneration of the
adsorption column are pressure and temperature. Depending on the chosen regeneration method ad-
sorption separation systems are mainly divided into pressure swing adsorption (PSA) and temperature
swing adsorption (TSA).

PSA utilizes the loading dependency on partial pressure. The compressed feed is supplied to the
column to initiate the adsorption process. In contrast, desorption favours low pressures. The partial
pressure is lowered by blowing down the column and purging by inert gas or product. Conventional
PSA is not always able to regenerate the adsorption bed. As can be seen from Figure 2.3, zeolites
require very low partial pressure for regeneration. In this case, regeneration is conducted under vacuum
conditions and themethod is called VPSA. PSA is commonly used in hydrogen purification, noble gases
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Figure 2.4: Regeneration method. The fixed be can be regenerated by reducing pressure or increasing the temperature.
Depending on chosen regeneration method adsorption separation systems are mainly divided into pressure swing adsorption
(PSA) and temperature swing adsorption (TSA) [30]

purification and air separation.
In TSA adsorption is performed at lower temperatures and adsorption bed regeneration is achieved

by supplying heat. The heated regeneration gas is fed to the adsorption column to elevate the bed
temperature. After the desorption step, cold regeneration gas is supplied to prepare a bed for the
adsorption step. TSA leverages adsorbent capacity as full adsorbent regeneration can be obtained by
increasing the temperature. Refs. [41, 42, 43] suggest that TSA application is considered when the
adsorbent material has a strong affinity to adsorb molecules such as zeolite. Typically TSA is used in
natural gas dehydration and CO2 capture.

The comparison of PSA, TSA and VSA applications for the purification of hydrogen produced from
SMR is given by Ayub et al [42]. The adsorption consisting of activated carbon and zeolite 5A layers
is used to purify hydrogen to fuel cell standards (H2 purity > 99.99, CO impurity < 0.2 ppm). The feed
mainly consists of 75% H2 and the rest is impurities: 18%CO2, 3.2%H2, 0.7% CO and 3.2% N2. The
column is pressurized with product in PSA 1, whereas the feed is used for the same purpose in PSA 2.
PSA1, VSA and TSA were able to meet purity requirements. PSA 1 is less attractive because of low
hydrogen productivity compared to TSA and VSA. The energy consumption of VSA and TSA are 0.94
MJ/kgH2 and 45.62 MJ/kgH2 respectively. VSA is recommended as the optimal hydrogen purification
technology taking into account productivity and economics. The conclusions drawn by Ayub et al might
not be relevant to the purification of hydrogen produced from water electrolysis, because it has only O2

and H2O impurities in low concentrations.
The adsorption system performance assessment is based on product purity, recovery and adsorbent

productivity. Product purity is defined as the amount of pure substance in a product divided by the total
product amount. Product recovery is defined as the amount of component in a product stream divided
by the amount of the same component in the feed stream. Adsorbent productivity is measured by the
amount of product or feed mixture processed per unit amount of adsorbent per unit time [44].

The adsorption system has at least two columns where adsorption and desorption take place simul-
taneously to maintain continuous operation. The complete cycle includes pressurization, adsorption,
counter-current blow down and purge steps according to Skarstorm. The first column is pressurized
with feed, then followed by the adsorption step. Meanwhile, the second column is blown down and
purged to regenerate. The hydrogen post-processing scheme proposed by XINTC implies purging the
adsorption column using the product, which is recycled by sending it back to the feed. This approach
helps to prevent product loss. The scheduling steps become more complex with the increasing number
of columns.

Purification is performed with help of a multilayered adsorbent bed in case of multicomponent gas
mixture [45]. Because a single adsorbent can not efficiently separate all gases. Since oxygen is
planned to be removed by catalytic recombination of oxygen and hydrogen, a multilayered bed is not
needed for binary mixture purification.

Loading, selectivity, kinetic and transport properties, regeneration method, cost, chemical and ther-
mal stability should be considered in adsorption selection [46]. Silica gel, activated alumina and zeolites
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Figure 2.5: The comparison of regeneration methods [42]. In PSA 1, the adsorption column is pressurized with the product,
whereas in PSA 2, the adsorption column is pressurized with the feed.

are commonly used for the removal of water vapour from gases [47]. As mentioned earlier zeolites pro-
vide high water loading even at low concentrations, but it is the most expensive adsorbent compared
to others. Also, zeolite regeneration might consume more energy. Silica gel has the highest water
loading but tends to shutter in the presence of liquid water [47]. Activated alumina is the least expen-
sive adsorbent with high water loading. Activated alumina can also tolerate the presence of alkaline
impurities. Information on adsorbent performance degradation over operation time has not been found.
The important adsorbent properties are listed in the table below:

Table 2.1: Adsorbent properties. Data obtained from Ref. [48]

Adsorbent Pore diameter Particle porosity Particle density Surface area
dp, A◦ ϵp ρp, g/cm3 Sg, m2/g

Activated alumina 10-75 0.50 1.25 320
Silica gel:
small pore 22-26 0.47 1.09 750-850
large pore 100-150 0.71 0.62 300-350
Zeolites 3-10 0.2-0.5 1.4 600-700

2.3. Purification methods integration
Zhemin Du et al. [49] review each purification method and comes to the conclusion that none of

the methods is able to purify hydrogen to ISO 14687: 2019 standard standalone. Then the possible
solution can be found by integrating purification methods.

The recent experimental study on the purification of hydrogen produced from 50kW alkaline elec-
trolyser was conducted by Yorick et al. [30]. Hydrogen post-processing steps include removing an
electrolyte and reducing oxygen and water content until required by ISO 14687:2019 standard. First,
wet hydrogen is fed to the scrubber, where it goes through deionized water to remove KOH. In the
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following step, recombination of hydrogen and oxygen assisted with catalytic bed takes place in dexor.
The final step, water removal is done using PSA with vacuum regeneration. Before PSA, the stream is
cooled down and compressed to 40 bar as adsorption favours high pressure and low temperature.

Figure 2.6: Process flow diagram [30]. The percentages displayed in the flow diagram represent the water content in the
stream after each purification process step

The reported product recovery is 98.4% and the energy consumption is 0.5 kWh/kg H2. Pressure
equalization in the blowdown step and reduction of purge rate due to vacuum pump use helped to
increase product recovery. After all hydrogen post-processing steps, the water content was reduced
from 3.4% to 1 ppm, whereas the oxygen content in the product varied between 1 ppm and 4 ppm.

The water electrolysis is performed at atmospheric conditions as safety requirements for materials
are lower at atmospheric conditions. As a result, the production cost can be reduced. On the other
hand, pure hydrogen should be stored at higher pressures to increase the amount of hydrogen in the
given volume. The proposed hydrogen post-processing plant design intends to satisfy both demands.

Figure 2.7: Process flow diagram by XINTC B.V. The

The main design components are a liquid ring compressor, deoxygenation unit and adsorption col-
umn. Deoxygenation and adsorption were discussed in the previous section. The liquid ring com-
pressor uses rotating liquid for suction and compression of gas. Typically, a single-stage liquid ring
compressor produces nominal pressure in the range of 1.5 bar and 2.2 bar. The liquid ring compressor
is comprised of an impeller enclosed in a casing filled with operating liquid. The liquid ring is created
when the impeller reaches a certain rotation speed because of centrifugal force. Periodically chang-
ing volume in crescent-shaped cavities creates suction and compression. One of the advantages of
the liquid ring compressor compared to other compressors is isothermal compression, which makes it
suitable for flammable and explosive gas compression. The liquid ring compressor is applied in argon
production and hydrogen transportation [50].
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Figure 2.8: Liquid ring compressor[50]

The produced hydrogen with impurities is stored in the tank before being sent to the liquid ring
compressor. The part of the water is knocked out during the compression process because water
solubility in hydrogen reduces with temperature increase [17]. After the compression step, the stream
goes to the deoxygenation unit where catalytic recombination of hydrogen and oxygen takes place. The
reaction generates heat and produces additional water, which is not preferred for adsorption. Therefore,
the heat exchanger is placed after the deoxygenation unit to cool down the flow and remove condensed
water. The final step of purification is water removal using adsorption. Primary features of the design
in contrast to Yorick et al work are a scale of hydrogen production, feed composition, removing part of
the water from the system before the adsorption column and recycling of purge. There are concerns
regarding the location of the deoxygenation unit in the hydrogen post-processing scheme. The catalyst
material exposed to high pressures (up to 30 bar) might have a stability issue. Moreover, water solubility
in hydrogen is low at high pressures, which means more liquid water is present and that causes catalyst
deactivation. Placing deoxygenation before the compressor can solve these issues, but then heated
gas needs to be compressed due to an exothermic reaction. Compressing heated gas is not an option,
therefore the cooling system should be introduced before the compressor. The cooling will cost energy.
The configuration optimization mentioned in the research questions section is intended to address this
problem.

2.4. Design concepts
The gas separation in fixed bed adsorption is obtained by putting mixture flow via a column packed

with adsorbents. A mixture component with strong affinity is trapped in the adsorption column and pure
gas comes out of the column. The adsorption column can not retain all impurities once the adsorption
capacity is utilized fully. As result, the purity of the adsorption column downstream will be affected.
Therefore, it is important to predict a breakthrough time to switch columns and maintain the purity of
the product. Hence, the mass balance should be solved to calculate the concentration as a function of
time and bed length. The 1D mass balance equation is employed to avoid the complexity of 2D, which
comes with a high computational cost:

∂ci
∂t

+
∂(ciui)

∂z
−D

∂2ci
∂z2

= −
(
1− ϵb
ϵb

)
∂qi
∂t

(2.7)

In reality, the concentration front inside the column does not move uniformly and breakthrough
happens before full adsorption capacity utilization. This phenomenon is captured in the mass balance
equation by including the axial dispersion coefficient, D.

The breakthrough curve shown in figure 2.9 plays an important role in identifying the adsorption bed
length (Lb) and the length of the unused bed (LUB). The adsorption takes place in the region between
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Figure 2.9: Breakthrough curve [51]

tbp and ts, which is called the mass transfer zone (MTZ). Reducing mass transfer resistance results in a
more flat breakthrough curve and subsequently decreases LUB. Keller et al. [52] suggest the following
equation to calculate bed length:

LUB =

(
1− tbp

tsat

)
Lb (2.8)

The adsorption generates heat because of its exothermic nature. On the other hand, the adsorption
rate decreases with temperature increase. Therefore, the temperature inside the column needs to be
controlled. Most heat generation takes place in the mass transfer zone. Temperature profiles can be
determined from the energy balance equation [53]:

∂Tf

∂t
+

(
1− ϵb
ϵb

)
ρscp,s
ρscp,f

∂Ts

∂t
=

kf
ρfcp,f

∂2Tf

∂z2
−uf

∂Tf

∂z
− 4h

ϵbdρfcp,f
(Tf−Tw)+

(
1− ϵb
ϵb

)
∂qi
∂t

−∆Hρs
ρfcp,f

(2.9)

The one of strategies to prevent temperature increase in the adsorption column might be using
several small columns in parallel instead of a single column with a large diameter [54].

Total pressure decrease leads to a decline in the adsorption rate. Pressure drop in the adsorption
column should be minimized to adsorption rate disruption. Pressure drop is calculated using Ergun’s
equation:

∆p

Lb
=

(
ftCtG

2

ρfDpe

)
(2.10)

The fixed bed adsorption design approach includes the following steps:

1. Select the adsorbent material based on required product purity, feed gas composition and cost
2. Determine the allowable gas superficial velocity based on a specified pressure drop limitation
3. Calculate the required bed cross-section area and/or the number of beds of a given diameter

based on the superficial velocity selected in step 2
4. Select cycle time and calculate the quantity of adsorbent required based on an estimated end-of-

life equilibrium capacity
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5. Determine total bed height based on the volume of the adsorbent calculated in step 4 and an
estimated length of the mass transfer zone

6. Calculate the total heat required during the regeneration step to heat and desorb the adsorbate,
heat the adsorbent, heat the vessel and internals, heat the exit gas, and provide for heat losses
through the vessel walls

7. Establish a heating/cooling time schedule based on the cycle time selected in step 4, and calculate
the regeneration gas flow rate required to provide the needed in the time available

The last two steps are specific to TSA.
Modelling an adsorption system involves solving a set of nonlinear partial differential equations

coming from mass, energy and momentum balances in the space and time domain. The appropriate
numerical solver will be selected and described in detail in the modelling section of the thesis project.



3
Model Description

As a compromise between the computational power required and the level of accuracy, the adsorption
process is modelled using a one-dimensional axially dispersed plug flow approach. The model com-
bines all mechanical dispersion effects into the axial dispersion term. The assumption is made that
the flow behaves as a plug, meaning there are no variations in velocity, concentration, temperature, or
porosity in the radial direction. The gas phase described by ideal gas law. The adsorbent properties
and bed porosity are assumed to be uniform across the column.

3.1. Process variables
Pressurization, adsorption, desorption, and depressurization are the four basic PSA/TSA cycle

steps. For a system to be designed that can purify hydrogen to the ISO 14687: 2019 standards [21], it
is crucial to grasp the variations in concentration, pressure, temperature, and loading during each step.
Mass, energy, and momentum balances need to be solved to obtain these process variables.

3.1.1. Mass balance

The concentration is derived from mass balance (see Appendix A.1):

∂ci
∂t

+
∂(ciu)

∂z
−DL

∂2ci
∂z2

= − (1− ε)

ε

Nc∑
i=1

∂qi
∂t

ρs (3.1)

where ci is a concentration of component i , DL is the axial diffusion coefficient, u is interstitial velocity,
ε is bed porosity and ∂qi/∂t is loading change.

3.1.2. Energy balance

Adsorption favours lower temperatures because the loading on the adsorbent material is higher
at lower temperatures, as depicted in Figure 3.1. However, it is important to note that adsorption is
an exothermic process that releases heat. As shown in Figure 2.4, in addition to controlling pressure,
regulating the temperature is also crucial in influencing the adsorption process. Temperature changes in
time and space can be obtained by solving the energy balance equation. The energy balance equation
is described in scientific papers [56] in both simplified and extended versions.

Simplified energy balance

Heat is generated within solid adsorbent particles during adsorption, and immediate thermal equi-
librium between solid adsorbent particles and gas is assumed in simplified energy balance. Energy

14
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Figure 3.1: Temperature-dependent water adsorption on Zeolite 4A. Experimental data are represented by dots, and the lines
are generated using the triple-site Langmuir model fitted to the experimental data. Experimental data and fit parameters are
based on Ref.[55]. Fit parameters can be found in Table 3.2

balance for gas phase (see Appendix A.2):(
Cp,fρf +

1− ε

ε
Cp,sρs

)
∂Tf

∂t
= keff

∂2Tf

∂z2
− Cp,fρfu

∂Tf

∂z
− 4hw

εdi
(Tf − Tw)−

Nc∑
i=1

ρs

(
1− ε

ε

)
∂qi
∂t

∆Hi

(3.2)
The heat of adsorption is dissipated to the environment through the column wall. Therefore the wall
temperature is involved in the gas energy balance. The wall temperature is based on wall energy
balance (see Appendix):

ρwCp,w
∂Tw

∂t
= kw

∂2Tw

∂z2
+

4di
(di + tw)2 − d2i

hw(Tf − Tw)−
4(di + tw)

(di + tw)2 − d2i
h∞(Tw − Te) (3.3)

The assumption made is that the wall temperature varies solely in the axial direction.

Extended energy balance

In an extended energy balance, thermal equilibrium is not assumed between the gas and solid
adsorbent particles. Therefore, separate energy balances are considered for the gas phase, solid
adsorbent, and wall (See Appendices A.3, A.4, A.5). Energy balance for gas phase:

ρfCp,f
∂Tf

∂t
= kf

∂2Tg

∂z2
− ρguCp,f

∂Tf

∂z
− 4

εdin
hw(Tf − Tw) +

(
1− ε

ε

)
1

∆z
hf (Ts − Tf ) (3.4)

Energy balance for solid phase:

ρsCp,s
∂Ts

∂t
= ks

∂2Ts

∂z2
− 1

∆z
hf (Ts − Tf ) +

Nc∑
i=1

ρs
∂qi
∂t

∆Hi (3.5)

Energy balance for a wall:
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ρwCp,w
∂Tw

∂t
= kw

∂2Tw

∂z2
+

4din
(din + tw)2 − d2in

hw(Tf − Tw)−
4(din + tw)

(din + tw)2 − d2in
h∞(Tw − Te) (3.6)

The terms used in the above equations are given below:

• ci is the concentration of component i (mol/m3)
• DL is the axial dispersion coefficient (m2/s)
• qi is the loading of component i (mol/kg)
• Tg is the gas temperature (K)
• Ts is the solid adsorbent particles temperature (K)
• Tw is the temperature of column wall (K)
• Te is the environment temperature (K)
• Cps and Cpg are the specific heat capacities of the solid and gas phases, respectively (J/kgK)
• ρg is the gas density (kg/m3)
• ρs is the solid adsorbent particle density (kg/m3)
• ρw is the wall density(kg/m3)
• keff is the effective thermal conductivity of the bed (W/mK)
• kg is the thermal conductivity of the gas (W/mK)
• ks is the thermal conductivity of the solid adsorbent particles (W/mK)
• kw is the thermal conductivity of the column wall material (W/mK)
• ∆H is the heat of adsorption (J/mol)
• Cpg is the specific heat capacity of the gas (J/kgK)
• Cps is the specific heat capacity of the solid adsorbent particles (J/kgK)
• Cpw is the specific heat capacity of the wall (J/kgK)
• hf is convective heat transfer coefficients from solid to gas (W/m2K)
• hw is convective heat transfer coefficients from gas to wall (W/m2K)
• h∞ is convective heat transfer coefficients from wall to environment (W/m2K)
• di is the column internal diameter (m)
• tw is the wall thickness (m)
• u is the interstitial gas velocity (m/s)

3.1.3. Momentum balance

Pressure drop during adsorption and desorption steps in a packed bed is calculated using Ergun’s
equation [57]:

∂P

∂z
= 150

µ

d2p

(1− ε)2

ε2
u+ 1.75

ρ

dp

(1− ε)

ε
u2 (3.7)

where u0 is a superficial velocity, dp is an adsorbent partice diameter and µ is a viscosity. The
equation 3.7 is valid for the Reynolds number range between 1 and 104 [58]. The velocity is assumed
to be constant.

The pressurization modelling approach varies depending on the gas composition. An approach for
modelling the pressurization of an isothermal packed bed with inert gas is provided by Rodrigues et al.
[59]. Assuming the isothermal bed, the Continuity equation can be rearranged using the Ideal Gas Law
(see Appendix A.6):

∂P

∂t
= −u

∂P

∂z
− P

∂u

∂z
(3.8)

The velocity, involved in equation 3.8, can be derived from Ergun’s equation 3.7:

u =
−a+

√
a2 − 4b(M/RT )P ∂P

∂z

2b(M/RT )P
(3.9)
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where
a = 150

µ

d2p

(1− ε)2

ε3
(3.10)

and
b = 1.75

ρ

dp

(1− ε)

ε
(3.11)

Then derivative of velocity with respect to z:

∂u

∂z
=

a+
√
a2 − 4b(M/RT )P ∂P

∂z

2b(M/RT )

1

P 2

∂P

∂z
− 1

P

P ∂2P
∂z2 +

(
∂P
∂z

)2√
a2 − 4b(M/RT )P ∂P

∂z

(3.12)

The equation 3.8 can be rearranged using equations 3.9 and 3.12:

∂P

∂t
=

P ∂2P
∂z2 +

(
∂P
∂z

)2√
a2 − 4b(M/RT )P ∂P

∂z

(3.13)

The resulting equation 3.13 is a partial differential equation, which describes the change of pressure in
space and time.

Rodrigues et al [59] also describe the modelling approach for fixed bed pressurization with a binary
mixture of inert and active i.e. adsorbable gases. The coupled partial differential equations should be
solved to track the variations in pressure and mole fraction throughout time and space:

∂P

∂t
= −u

∂P

∂z
− P

∂u

∂z
−
(
1− ε

ε

)
ρs

∂q1
∂t

RT (3.14)

∂y1
∂t

= DL

(
∂2y1
∂z2

− 1

P

∂y1
∂z

∂P

∂z

)
− u

∂y1
∂z

−
(
1− ε

ε

)
ρs

∂q1
∂t

RT (3.15)

where index 1 denotes the adsorbable component i.e. active component in a binary mixture. The
derivation of equations 3.14 and 3.15 can be found in Appendix A.7. Upon comparing equations 3.8
and 3.14, it can be observed that the first two terms on the right-hand side of equation 3.14 and the
right-hand side of equation 3.8 are identical. Therefore, the final form of the coupled partial differential
equations is as follows:

∂P

∂t
=

P ∂2P
∂z2 +

(
∂P
∂z

)2√
a2 − 4b(M/RT )P ∂P

∂z

−
(
1− ε

ε

)
ρs

∂q1
∂t

RT (3.16)

∂y1
∂t

= DL

(
∂2y1
∂z2

− 1

P

∂y1
∂z

∂P

∂z

)
− u

∂y1
∂z

−
(
1− ε

ε

)
ρs

∂q1
∂t

RT (3.17)

3.2. Input parameters
In this section, an overview is provided regarding the necessary input data for the determination of

process variables.

3.2.1. Porosity

Benyahia et al. [60] propose the mean bed porosity estimation as a function of the ratio between
adsorbent particle diameter (dp) and adsorption column diameter (din). The following relationship holds
for spherical particles:

εm = 0.39 +
1.74

(din/dp + 1.14)2
(3.18)

The previous equation covers the din/dp range of 1.5 to 50.
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In the model, a uniform bed porosity distribution is assumed. However, it is possible for the bed
porosity density to be lower close to the wall. This lower porosity density can lead to higher velocities
near the wall, which can disrupt the plug flow behaviour typically assumed in idealized models. This
phenomenon is referred to as channelling. To mitigate channelling and promote more uniform flow
distribution, it is recommended to maintain a bed diameter-to-adsorbent particle ratio (din/dp) equal to
or higher than 20 [61].

3.2.2. Velocity

The velocity contributes to the advection term in the mass and energy balance equations. The
superficial velocity can be determined by dividing the known feed mass flow rate, represented as ṁfeed,
by the cross-sectional area of the adsorption column and feed density. The diameter of the column,
denoted as dt, is used to calculate this area:

us =
ṁfeed

ρfeedAc
(3.19)

where us is superficial velocity. The relationship between superficial velocity and interstitial velocity is
expressed as follows:

u =
us

ε
(3.20)

During the adsorption and desorption steps, it is assumed that the velocity remains constant. However,
this assumption does not hold true for the pressurization and depressurization steps, where the flow
gradually becomes stagnant. As the flow approaches stagnation, the velocity decreases and eventually
approaches zero.

In the context of pressurization and depressurization, the velocity can be described using either
Darcy’s law or Ergun’s equation. Darcy’s law relates the velocity to the pressure gradient and the
permeability of the porous medium. On the other hand, Ergun’s equation incorporates both the viscous
and frictional effects of the fluid flow through a packed bed. Both equations provide a means to estimate
the velocity under different flow conditions encountered during the pressurization and depressurization
steps. The expression for velocity derived from Darcy’s equation can be summarized as follows:

u = −K

εµ

∂P

∂z
(3.21)

where K is a permeability. For estimating permeability, Narasimhan et al.[62] recommend the following
equation:

K =
ε3

(1− ε)2
d2p
150

(3.22)

It needs to be highlighted that Darcy’s law for laminar flows with Reynolds number up to 10 [63]. The
wider range of Reynolds numbers, namely from 1 to 104, numbers covered by the Ergun equation [58].
Therefore it is preferred to obtain velocity from Ergun’s equation rather than Darcy’equation.

3.2.3. Effective thermal conductivity

The effective thermal conductivity of porous packed beds with uniform spherical particles refers to
the overall thermal conductivity of the bed, considering the combined influence of both the solid particles
and the void spaces between them. Zehner and Schlunder [64] proposed a correlation to estimate the
effective thermal conductivity, which can be expressed as follows:

keff
kg

= 1−
√
1− ε+

2
√
1− ε

1− λB

(
(1− λ)B

(1− λB)2
ln
(

1

λB

)
− B + 1

2
− B − 1

1− λB

)
(3.23)

where

B = 1.25

(
1− ε

ε

)10/9

(3.24)
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and
λ =

kg
ks

(3.25)

kg and ks are thermal conductivities of gas and solid phases respectively.

3.2.4. Convective heat transfer from gas to wall

The relationship between the Nusselt number and the Reynolds number is required for analyzing the
forced convection inside the column. The specific equation representing this relationship is provided
as follows [65]:

Nuw = 0.813Re0.19e−6dp/di (3.26)

3.2.5. Convective heat transfer from wall to environment

The external convective heat transfer coefficient can be calculated from the Nusselt number [66]:

Nu∞ =

(
2 +

0.387Ra1/6

(1 + (0.492/Pr)9/16)8/27

)2

(3.27)

3.2.6. Loading

The three phases that make up the adsorption mechanism are: 1. external (or film) mass transfer of
solute molecules from the solution bulk to the sorbent particle surface; 2. diffusion through the internal
structure of the particle to the sorption sites; and 3. fast absorption. Film mass transfer and interparticle
diffusion continue to be the rate-determining phases because Step 3 is infinitely rapid and provides no
resistance to the adsorption process [67]. In order to ease the computational cost, the mass transfer

Figure 3.2: Sketch of an adsorbent particle in solution

resistances are lumped into a single parameter and loading is expressed as a linear relationship [51]:

∂qi
∂t

= kLDF (q
eq
i − qi) (3.28)
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where kLDF is a linear driving force constant. The equation 3.28 is known as a linear driving force
model and it works well in practice [68]. The equilibrium loading qeqi values are taken from adsorption
isotherm models, which are based on experimental data (See the subsection 3.2.7).

3.2.7. Adsorption isotherm

In the linear driving force model, the equilibrium adsorption is obtained from adsorption isotherms
discussed in Chapter 2. These isotherm models are adjusted to experimental data. The adsorption of
water on zeolite 5A, 13x, and silica gel is explained using the Toth model, while the water adsorption
on zeolite 3A and 4A is described by the triple-site Langmuir model. The triple-site Langmuir model
parameters for silica gel are fitted to experimental data from Ref. [55]. The Toth model [37] has the
following form:

qeqi =
aPi

(1 + (bPi)t)1/t
(3.29)

the parameters a, b and t in Toth equation are described below:

b = b0 exp(E/T ) (3.30)

a = a0 exp(E/T ) (3.31)

t = t0 + c/T (3.32)
The triple-site Langmuir model [35] is proposed to describe water isotherm in the form of:

qeqi =
ns1b1Pi

1 + b1Pi
+

ns2b2Pi

1 + b2Pi
+

ns3b3Pi

1 + b3Pi
(3.33)

the parameters b1, b2 and b3 in Toth equation are described below:

b1 = b10 exp(
E1

RT
) (3.34)

b2 = b20 exp(
E2

RT
) (3.35)

b3 = b30 exp(
E3

RT
) (3.36)

The fitted Toth equation and triple-site Langmuir equation parameters for water can be found in Table
3.1 and Table 3.2.

Table 3.1: The Toth equation parameters for water

Adsorbent a0 b0 E t0 c

mol/kg · kPa 1/kPa K K

zeolite 5A 1.106 · 10−7 4.714 · 10−8 9.955 · 103 3.548 · 10−1 -5.114 · 101

zeolite 13X 3.634 · 10−6 2.408 · 10−7 6.852 · 103 3.974 · 10−1 -4.199

silica gel 1.767 · 102 2.787 · 10−5 1.093 · 103 -1.190 · 10−3 22.13

3.2.8. Axial dispersion coefficient

The axial dispersion coefficient is a lumped parameter that encompasses various diffusion mech-
anisms, such as molecular diffusion, turbulence, flow splitting and rejoining around particles, Taylor
dispersion, channelling, and wall effects [69, 70, 71]. Although several correlations exist for estimating
the axial dispersion coefficient, none of them encompasses all diffusion mechanisms. These correla-
tions may not consistently provide accurate predictions for the axial dispersion coefficient in practical
scenarios. Thus, it is essential to adjust them using experimental breakthrough curves.

The axial dispersion coefficient can be estimated by one of the following correlations below:
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Table 3.2: The triple-site Langmuir equation parameters for water

Adsorbent ns1 b10 E1 ns2 b20 E1 ns3 b30 E3

mol/kg 1/bar kJ/mol mol/kg 1/bar kJ/mol mol/kg 1/bar kJ/mol

zeolite 3A 9.37 1.26 · 10−6 59.75 1.06 4.67 · 10−3 48.37 3.35 1.15 · 10−7 51.42

zeolite 4A 11.28 1.36 · 10−6 58.61 4.06 1.87 · 10−6 41.40 1.74 2.62 · 10−7 92.98

silica gel 12.50 4.49 · 10−8 50.69 12.50 4.49 · 10−8 50.69 12.50 4.50 · 10−8 50.69

• Wakao and Funazkri [72]:

1

Pe
=

20

ReSc
+ 0.5 (3.37)

• Edwards and Richardson [73]:

1

Pe
=

0.73ε

ReSc
+

1

2
(
1 + 13·0.73ε

ReSc

) (3.38)

• Wicke [74]:

1

Pe
=

0.45 + 0.55ε

ReSc
+ 0.5 (3.39)

• Ruthven [75]:

1

Pe
=

0.7ε

ReSc
+ 0.5 (3.40)

• Wen and Fan [76]:

1

Pe
=

0.3ε

ReSc
+

0.5

2
(
1 + 3.8

ReSc

) (3.41)

These correlations describe the axial dispersion coefficient as a function of the Peclet (Pe), Reynolds
(Re), and Schmidt (Sc) numbers. The definition of Pe, Re and Sc numbers can be found below:

Re =
ρfεudp

µ
Sc =

µ

ρfDm
Pe =

udp
DL

(3.42)

Molecular diffusion is involved in all correlations through Schmidt number. The molecular diffusion can
be estimated using Chapman-Enskog’s equation [77]:

Dm =
1.858× 10−7T

3
2

Pσ2
ijΩ

(
1

Mi
+

1

Mj

)
(3.43)

where σij is the average collision diameter between molecules i and j, which is defined as follows [78]:

σij =
1

2
(σi + σj) (3.44)

σi = 0.841V 1/3
c (3.45)

Ω is the temperature-dependent collision integral:

Ω = [44.54(kBT/ϵi,j)
−4.909 + 1.911(kBT/ϵi,j)

−1.575]0.1 (3.46)
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where ϵi,j is effective Lennard-Jones parameter for a mixture of molecules i and jmwhich is calculated
from following eqation:

ϵi,j =
√
ϵiϵj (3.47)

ϵi = 0.75kBTc (3.48)

Please note that in the above equations temperature,T in K and partial pressureP in atm. M is molar
mass in g/mol.

3.2.9. Linear driving force constant

The linear driving force constant is a parameter used in the linear driving force model. Existing
correlations, as mentioned in the works of Ruthven [75] and Naidu and Sridhar [79], can be employed
to predict the linear driving force constant. However, it is crucial to cross-check these correlations with
experimental data to ensure accuracy. Table 3.3 provides the linear driving force constant values for
water based on experimental data.

Table 3.3: The linear driving force constant for water [56, 80, 81]

Adsorbent kLDF

1/s

zeolite 5A 9.8 · 10−4

zeolite 13X 4 · 10−3

silica gel 4.9 · 10−3

3.3. Numerical approach
Process variables are represented by a system of non-linear partial differential equations (PDEs).

The method of lines is a computational technique used to solve PDEs by discretizing all dimensions
except one [82]. This approach enables the conversion of a system of PDEs into a system of ordinary
differential equations (ODEs), which can be solved using available integration schemes for ODEs. The
Finite Difference method [83] is chosen for spatial discretization due to its simplicity of implementation.
First-order upwind and second-order central difference schemes are used for spatial discretization:

f
′
(i) =

f(i+ 1)− f(i)

∆z
(3.49)

f ”(i) =
f(i+ 1)− 2f(i) + f(i− 1)

∆z2
(3.50)

Boundary conditions are imposed via ghost cells. Ghost cells are additional cells added at both
ends of the main computational domain to provide information about the values at the boundaries.
The boundary conditions at the inlet are established based on the feed conditions. This implies the
application of Dirichlet boundary conditions. The constant feed conditions assumption means the time
derivative of the variable at the first ghost point equals zero.

∂f

∂t

∣∣∣∣∣
i

= 0 (3.51)

Adsorption does not occur at the edge, just before the outside of the column. Consequently, the change
in time at the boundary is equal to the change in the previous node. This condition is known as the
Neumann boundary condition.
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Figure 3.3: Spatial discretization

∂f

∂t

∣∣∣∣∣
imax

=
∂f

∂t

∣∣∣∣∣
imax−1

(3.52)

During adsorption and desorption the equations 3.1, 3.4, 3.5, 3.6 and 3.28 are solved between
nodes i + 1 and imax − 1. A general representation of spatial discretization and boundary conditions
can be seen in Figure 3.3.

The mass and energy balance equations have been discretized and implemented using Python,
version 3.8 [84]. To solve the ordinary differential equations, the solve ivp function from the SciPy
package [85], version 1.11.2, has been employed. The Radau integration scheme has been selected,
as it is recommended for tackling stiff problems [86].



4
Results and Analysis

4.1. Model validation
The basic steps of PSA or TSA include pressurization, adsorption, depressurization, and desorption.

In terms of modelling, pressurization and depressurization are described using one set of equations,
while adsorption and desorption are described using another set of equations. The transition from pres-
surization to depressurization or from adsorption to desorption, and vice versa, is achieved by adjusting
the boundary conditions. Thus, it is sufficient to validate either pressurization or depressurization, as
well as either adsorption or desorption.

The model validation is performed by reproducing the works described in scientific papers. The
scientific papers for modelling pressurization and adsorption will be provided in the following subsec-
tions. The scientific papers containing experimental adsorption data for the hydrogen and water system
could not be found. However, in the absence of such data, the adsorption model was validated using
a nitrogen and water system, wherein nitrogen serves as an inert carrier gas. This approach allows
us to assess the accuracy of the modelling technique. Nevertheless, it is important to note that further
validation is necessary to refine the model for the specific water and hydrogen system.

4.1.1. Pressurization with inert gas

The modelling pressurization stage is important for determining the subsequent adsorption step’s
initial conditions and calculating the pressurization time. The modelling fixed bed pressurization with
an inert gas implies solving Equation 3.8. The velocity involved in Equation 3.8 can be derived either
from Darcy’s equation or Ergun’s equation.

Rodrigues et al. [59] used velocity data obtained from Darcy’s equation to simulate the pressuriza-
tion of a 1 m long fixed bed with a porosity of 0.43, where the pressure was increased from 1 atm to 5
atm. The comparison between the numerical solution of Equation 3.8 and the results presented by Ro-
drigues et al. are depicted in Figures 4.1 and 4.2. The axial pressure profiles during the pressurization
process are illustrated in Figure 4.1 and the corresponding axial velocity profiles can be seen in Figure
4.2. The highest velocities are observed at the beginning of the pressurization step when the pressure
gradient is at its maximum. Toward the end of the pressurization step, the pressure gradient tends to
approach zero. Consequently, the velocity also tends to decrease and approach zero, as there is a
direct relationship between velocity and pressure gradient according to Equation 3.21. The velocity at
the closed end of the fixed bed is equal to zero during pressurization. The matching comparison re-
sults suggest that the modelling approach is valid. The nature of gas utilized for pressurization and the
value of permeability remain unclear since Rodrigues et al. [59] arbitrarily take K/µ proportion value
equal to 0.05 m2/atm · sec. Expanding the application of Rodrigues et al.’s approach to other cases is
complicated by the absence of a permeability equation.

The approach in which velocity is defined through Ergun’s equation is described by C.Sereno et al.
[87]. C.Sereno et al simulate the pressurization of a 1.5 m long fixed bed with a porosity of 0.4, where
the pressure was increased from 1 atm to 5 atm. The comparison between the model outcome and

24
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Figure 4.1: Comparison of axial pressure profiles during pressurization of an adsorption bed with an inert gas. The left side
depicts the original work by Rodrigues et al.[59], while the right side shows the reproduced results. The conditions are as
follows: Pl = 1 atm, Ph = 5 atm, L = 1 m, K/µ = 0.05 m²/atm∙sec. The dimensionless time θ is defined as θ = t/τc, where τc is
the characteristic time of 2.15 seconds. The dimensionless length x is defined as x = z / L.

Figure 4.2: Comparison of axial velocity profiles during pressurization of an adsorption bed with an inert gas. The left side
depicts the original work by Rodrigues et al. [59], while the right side shows the reproduced results. The conditions are as
follows: Pl = 1 atm, Ph = 5 atm, L = 1 m,ε = 0.43, K/µ = 0.05 m²/atm∙sec. The dimensionless time θ is defined as θ = t/τc,
where τc is the characteristic time of 2.15 seconds. The dimensionless length x is defined as x = z / L.

results of C.Sereno et al work is depicted in Figures 4.3 and 4.4. The axial pressure profiles during
pressurization are shown in Figure 4.3, whereas the axial velocity profiles can be seen in Figure 4.4. It
can be concluded that C.Sereno et al. [87] work is reproduced accurately based on the comparison.

When comparing Figures 4.1 and 4.3, it is evident that the pressurization time is shorter when
Ergun’s equation is used instead of Darcy’s equation. However, it is important to note that this section
focuses on the validation of the model by reproducing the work described in scientific papers. It should
be emphasized that there are differences in the fixed bed dimensions and fluid properties between
the studies conducted by Rodrigues et al [59] and C. Sereno et al [87] (see Table 4.1). To conduct a
sensitivity analysis on the influence of velocity definition on pressurization time, it is crucial to maintain
consistent bed characteristics and fluid properties.

The pressurization time, as depicted in the models presented by Rodrigues et al. and C. Sereno et
al., is relatively short due to the maintenance of a consistently high pressure at the inlet of the column
throughout the entire pressurization process. In practice, it’s plausible that the pressure at the inlet
gradually increases, leading to a potentially longer pressurization time. It’s important to note that both
Rodrigues et al. and C. Sereno et al. have exclusively provided simulation results without accompany-
ing experimental data. To validate the accuracy of the estimated pressurization time, considering the
simulations presented by Rodrigues et al. and C. Sereno et al., empirical data is imperative. Experi-
mental determination of the pressurization time involves installing pressure sensors at both the open
and closed ends of the fixed bed. Full pressurization occurs when the pressures at both ends of the
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Figure 4.3: Comparison of axial pressure profiles during pressurization of an adsorption bed with an inert gas. The left side
depicts the original work by C. Sereno et al [87], while the right side shows the reproduced results. The conditions are as
follows: Pl = 1 atm, Ph = 5 atm, L = 1.5 m,ε = 0.4, dp=0.0002 m, µ = 1 × 10−5 kg / m ·s. The dimensionless pressure
P ∗ = P/(Ph − Pl). The dimensionless time θ is defined as θ = t/τc, where τc is the characteristic time of 0.0044 seconds.
The dimensionless length x is defined as x = z / L.

Figure 4.4: Comparison of axial velocity profiles during pressurization of an adsorption bed with an inert gas. The left side
depicts the original work by C. Sereno et al. [87], while the right side shows the reproduced results. The conditions are as
follows: Pl = 1 atm, Ph = 5 atm, L = 1.5 m,ε = 0.4, dp=0.0002 m, µ = 1 × 10−5 kg / m ·s. The dimensionless pressure
P ∗ = P/(Ph − Pl). The dimensionless time θ is defined as θ = t/τc, where τc is the characteristic time of 0.0044 seconds.
The dimensionless length x is defined as x = z / L.

fixed bed reach equilibrium.

Table 4.1: Input data used in pressurization models by Rodrigues et al. [59] and Sereno et al. [87]. The key distinction
between models lies in velocity definitions. Rodrigues et al. [59] derive velocity using Darcy’s equation, while Sereno et al. [87]
derive velocity based on Ergun’s equation.

Parameters Rodrigues et al. [59] Sereno et al. [87]

Bed length (m) 1 1.5

Porosity 0.43 0.4

Particle diameter (m) 0.0002

Viscosity (kg / m ·s) 1 × 10−5

4.1.2. Pressurization with a mixture of inert and adsorbable gases

In the case of fixed-bed pressurization with a feed containing inert and adsorbable gases, the ad-
sorption capacity of the bed decreases due to adsorption during pressurization. The pressurization
process with a mixture of inert and adsorbable gases should be modelled to account for this reduction
in adsorption capacity.

According to Rodrigues et al. [59], the modelling fixed-bed pressurization with a binary mixture of
inert and adsorbable gases involves solving coupled partial differential Equations 3.16 and 3.17. This
approach necessitates input data such as the axial dispersion coefficient, adsorption isotherm, and
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loading. In their work, Rodrigues et al. [59] provide the axial dispersion coefficient and adsorption
isotherm. However, they introduce an alternative technique, distinct from the conventional linear driv-
ing force model, for describing the change in loading over time (∂q∂t ). Unfortunately, the details of this
alternative approach are unclear, making it challenging to accurately reproduce their work. Conse-
quently, the specific method for determining the change in loading remains ambiguous, hindering the
replication of their findings.

Table 4.2: Input data for fixed bed pressurization models. The difference between models lies in the gas composition used for
fixed bed pressurization.

Input parameter Pressurization with an in-
ert gas

Pressurization with a mixture of inert
and adsorbable gases

Bed length (m) 1.5 m 1.5 m

Porosity 0.4 0.4

Particle diameter (m) 0.0002 0.0002

Viscosity (kg / m ·s) 1 1

Particle density (kg/m3) 1350

Linear driving force coefficient (1/s) 4 × 10−5

Axial dispersion coefficient (m2/s) 0.465 × 10−2

Adsorbable gas mole fraction (%) 0 1

In the absence of scientific papers and experimental data, it is not possible to validate the model of
pressurization with a mixture of inert and adsorbable gases. However, the model’s behaviour can be
quantitatively assessed by comparing it to the already validated model of pressurization with inert gas.
The downstream of the alkaline electrolyser primarily consists of hydrogen, with impurities in the form
of oxygen and water vapour. It is assumed that the oxygen is completely converted into water at the
deoxygenation unit located before the PSA, as shown in Figure 2.7. Therefore, the PSA feed contains
water vapour and hydrogen, with the latter serving as an inert carrier gas. Considering the low water
content, one can expect that the results of the model of pressurization with a gas mixture should not
deviate significantly from the model of pressurization with an inert gas.

To simulate the pressurization of an adsorption column using a mixture of inert and adsorbable
gases, the same column dimensions, feed pressure, and temperature are maintained, as in the case
of pressurization with inert gas. A comprehensive list of model input parameters can be found in Table
4.2. Axial dispersion coefficient and linear driving force coefficient values are chosen arbitrarily. The

Figure 4.5: Comparison of axial pressure profiles during fixed bed pressurization. The left side depicts pressurization with inert
gas, while the right side shows pressurization with a mixture of inert and adsorbable gases

fixed bed is assumed to consist of zeolite 3A and an adsorption isotherm is taken from Table 3.2. Pres-
surization with inert gas and pressurization with a mixture of inert and adsorbable gases simulations
results are compared in Figures 4.5 and 4.6. As anticipated, the pressure and velocity profiles indeed
exhibit identical patterns. To provide a comprehensive perspective, Figure 4.7 illustrates the variations
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Figure 4.6: Comparison of axial velocity profiles during fixed bed pressurization. The left side depicts pressurization with inert
gas, while the right side shows pressurization with a mixture of inert and adsorbable gases

in the mole fraction and loading of the adsorbable gas, referred to as the active gas. The active gas

Figure 4.7: Adsorbable gas mole fraction and loading distribution during fixed bed pressurization with a mixture of inert and
adsorbable gases. The left side depicts adsorbable gas mole fraction, while the right side shows adsorbable gas loading

component within the gas phase begins to disperse within the fixed bed as the pressurization process
commences, reaching its maximum value at 0.55 seconds. Following this peak, the distribution of the
active component within the bed starts to decrease. This phenomenon can be attributed to the transfer
of the active component from the gas phase to the adsorbent, a process known as adsorption. This
occurs as the flow becomes stagnant towards the end of the pressurization step and the pressure ap-
proaches its maximum value. The reduction in adsorption capacity due to pressurization with a mixture
of inert and active gases is depicted on the right side of Figure 4.7. It’s worth noting that the extent of
this adsorption capacity reduction can increase with the higher mole fraction of the active component
in the feed.

The bed volume is defined by the equation:

Vbed = AcL = π
d2in
4
L (4.1)

where Ac represents the bed’s cross-sectional area, din is the inner diameter of the cylindrical column,
and L denotes the bed’s length. It’s important to highlight that larger adsorption columns require more
time to pressurize. However, it’s not clear whether the influence of the bed volume is accounted for
in equations 3.8 and 3.14, considering that they are one-dimensional. Equations 3.8 and 3.14 involve
velocity, which can be derived from either Darcy’s equation (as shown in 3.21) or Ergun’s equation (as
shown in 3.9). Both Darcy’s and Ergun’s equations necessitate the inclusion of porosity as an input
parameter. Porosity, in turn, is defined by the correlation 3.18 provided by Benyahia et al. [60], which
describes porosity in terms of the column’s inner diameter and the diameter of the adsorbent particles.
From this analysis, it can be inferred that the one-dimensional pressurization modelling approach does
take into account the influence of bed volume through the incorporation of porosity in the equations.
In summary, the one-dimensional modelling approach for pressurization accounts for the impact of
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bed volume indirectly through the consideration of porosity, as influenced by the inner diameter of the
column and the size of the adsorbent particles, as described by Benyahia et al.’s correlation.

Pressurization and depressurization are important for cycle optimization but do not drastically in-
fluence the purification process. This could explain the absence of experimental data on fixed bed
pressurization and depressurization in scientific papers.

4.1.3. Adsorption

Breakthrough curve analysis is used to investigate the adsorption process of solute onto an adsor-
bent material. It involves measuring the concentration of the solute in the effluent stream over time as
it passes through the adsorption bed. The breakthrough curve typically shows an initial period where
the effluent concentration is low, indicating that the adsorbent is removing the solute. However, as
the adsorption capacity of the adsorbent becomes saturated, there is a breakthrough point where the
effluent concentration starts to rise. This indicates that the solute is no longer being adsorbed and is
being released into the effluent stream. The breakthrough curve obtained from this analysis provides
valuable insights into the adsorption capacity and kinetics.

An accurate adsorption model should replicate the breakthrough curve obtained from experimental
measurements. James et al. [81] describe the adsorption modelling approach and compare the model
results with experimental measurements. The experiment is conducted to obtain a breakthrough curve
for the water vapour and nitrogen system, where nitrogen acts as an inert carrier gas. Water concen-
tration and gas temperature measurements are available at the midpoint and outlet of the adsorption
column (see Figure 4.8).

Figure 4.8: Experimental breakthrough curve obtained from testing water adsorption on Zeolite 5A [81]. Nitrogen was used as
the carrier gas for this breakthrough test. The left side depicts the water concentration, while the right side shows the gas
temperature. Measurements were conducted at two points within the fixed bed: the midpoint (50%) and near the exit (97.5%).
Sensor locations are represented as percentages, defined as the ratio between the sensor’s position and the bed’s length.

James et al highlight the challenge of accurately estimating lumped variables such as axial disper-
sion and linear driving force coefficients using existing correlations, emphasizing the need for adjust-
ments based on experimental data. To validate the modelling approach, it is crucial to reproduce the
breakthrough curve obtained from the experiment using the same input data as specified in James et
al.’s scientific paper. The complete list of input data can be found in Table 4.3. To replicate the concen-
tration and temperature profiles measured during the experiment, solving the mass and energy balance
equations mentioned in Chapter 3 is necessary. Initially, a simplified energy balance equations 3.2 and
3.3 will be applied.

Figure 4.9 shows that the model concentration prediction is well aligned with measurements, espe-
cially at the exit of the column, as a result of using axial dispersion and linear driving force coefficient
already fine-tuned by James et al. However, the discrepancy in temperature between the model and
measurement can be observed. The simplified energy balance model predicts that after the initial tem-
perature spike, the temperature plateaus and remains constant until the breakthrough. Heat transfer
in general occurs through advection and diffusion. The initial temperature spike in the profile predicted
by the model may be attributed to these common heat transfer mechanisms. Several sensitivity cases
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Figure 4.9: Comparison of the breakthrough curves obtained from experiment and model, which uses the simplified energy
balance equations 3.2 and 3.3. The left side of the depiction represents the water concentration, whereas the right side
displays the gas temperature. The experimental data is based on Ref. [81] and represented by square and diamond shaped
points, while model outcome is represented by line

were run to investigate this explanation and gain a better understanding of the behaviour of the simpli-
fied energy balance model.

In Case 1 the adsorption column diameter is reduced to half of the original diameter, which results
in a 4 times velocity increase in the column. The volumetric flow rate is kept constant.

u0 =
V̇

επ
4 d

2
i

u1 =
V̇

επ
4 (0.5di)

2
= 4u0 (4.2)

where u0 and u1 represent original and Case 1 velocities. The Case 1 results can be seen in Figure
4.10. The breakthrough takes place earlier because of increased velocity. The increase in the advection

Figure 4.10: Case 1: Influence of adsorption column diameter decrease di,1 = 0.5 di,0 on concentration and temperature
profiles.di,0 is adsorption column original diameter. The left side of the depiction represents the water concentration, whereas
the right side displays the gas temperature. The experimental data is based on Ref. [81] and represented by square and
diamond shaped points, while the model outcome is represented by line

term improves heat transfer and allows it to reach a steady state faster. Therefore, there is no spike
in the temperature profile in Case 1. The opposite is also true i.e. decrease in the advection term
will amplify the spike in the temperature profile and delay the steady state. Case 2 with the original
diameter doubled was run to prove the latter. Increasing the column diameter by a factor of two results
in flow that is four times slower compared to the original velocity as shown in Equation 4.3.

u0 =
V̇

επ
4 d

2
i

u2 =
V̇

επ
4 (2di)

2
=

u0

4
(4.3)
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Figure 4.11: Case 2: Influence of adsorption column diameter increase di,1 = 2 di,0 on concentration and temperature profiles.
di,0 is adsorption column original diameter. The left side of the depiction represents the water concentration, whereas the right
side displays the gas temperature. The experimental data is based on Ref. [81] and represented by square and diamond
shaped points, while the model outcome is represented by line

where u0 and u2 represent original and Case 2 velocities. As it can be seen in Figure 4.11, the break-
through is not taking in the first 10 hours of simulation because of flow slowing down. And as was
predicted the temperature increases significantly due to the advection term, which helps to dissipate
the heat, reduction. Although the simplified energy balance model behaviour was explained, the fact is
that the model does not accurately reproduce the temperature profiles observed in the experiment. This
is because adsorption is an exothermic reaction, resulting in heat generation within the solid adsorbent
particles. Then the heat is then transferred from the solid adsorbent particles to the gas until thermal
equilibrium is achieved, which implies that the gas and solid particle temperatures become equal. In the
experiment, the increasing gas temperature over time indicates that thermal equilibrium between the
gas and solid particles was not reached during the test. To account for this, separate energy balances
for the gas and solid adsorbent particles are required.

To validate this point, the model with an extended energy balance was executed. The extended en-
ergy balance model predicts more realistic temperature profiles compared to simplified energy balance
as can be seen in Figure 4.12. In conclusion, the preference for the extended energy balance over the

Figure 4.12: Comparison of the breakthrough curves obtained from experiment and model with an extended energy balance.
The left side of the depiction represents the water concentration, whereas the right side displays the gas temperature. The
experimental data is based on Ref. [81] and represented by square and diamond shaped points, while the model outcome is
represented by line

simplified energy balance arises from its ability to realistically reproduce temperature changes in the
fixed bed.
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Table 4.3: Input data for an adsorption model reported by James et al. [81].

Feed Conditions Initial Conditions Bed characteristics

Pfeed=1.056 bar Tgas (x, t=0) = 297 K L = 0.254 m

Tfeed=297 K Tsolid (x, t=0) = 297 K ε = 0.33

CH2O=0.326 mol/m3 qH2O (x, t=0) = 297 K di = 47.6 mm

Tair (x, t) =297 K twall = 1.59 mm

Gas, Adsorbent and Wall
material properties

Heat and Mass Transfer parameters

dp = 2.32 mm h∞ =1.685 W/m2 · K u = 0.85 m/s

ρs = 1180 kg/m3 hf = 120 W/m2 · K Dl = 2.4 × 10−3 m2/s

ρw = 7833 kg/m3 hw = 13.78 W/m2 · K kLDF = 8 × 10−4 1/s

ρg = 1.205 kg/m3 ∆ HH2O =66 × 103 J/mol

Cp,s = 920 J/ kg · K

Cp,w = 475 J/ kg · K

Cp,g = 1041.43 J/ kg · K

ks = 3.3 W/m · K

kw = 14.2 W/m · K

kg = 0.026 W/m · K

µg = 1.77 × 10−5 Pa · s

4.2. Sensitivity analysis
Designing a PSA system involves selecting adsorbent material, adsorption column size and the

number of columns taking into account PSA system performance and cost [88]. Adsorption column
size is determined by the diameter and length. The increase in adsorption column size leads to an
increase in cost due to the increase in the mass of adsorbent hold in the adsorption column and the
mass of adsorption column wall material. The bed diameter influences flow velocity. The low velocity
provides longer residence time, whereas high velocity helps to dissipate better the heat generated dur-
ing adsorption via advection term [54]. The longer the adsorption bed, the more adsorbent it contains,
which allows longer adsorption time before switching to desorption. On the other hand, the long bed
leads to higher pressure drop and cost. Adsorption is an exothermic process, whereas desorption is an
endothermic process. The heat generation in adsorption is undesirable since water loading decreases
with temperature as shown in Figure 3.1. The heat is dissipated to the environment through the adsorp-
tion column wall. The heat consumption in desorption leads to a temperature drop which might cause
ice formation if the gas temperature drops below 0◦C. The heat is supplied via the adsorption column
wall to enhance bed regeneration and avoid ice formation. Another aspect to consider in temperature
management is the heating up of adsorption column wall material. The XINTC recommended 80◦C
as a wall temperature limit which is based on material manufacture recommendations. The heat of
adsorption depends on the adsorbent material and the gas being adsorbent. The adsorbent material
also affects the bed adsorption capacity.

The PSA system consists of 2 columns as shown in Figure 4.13. The binary mixture of the hydrogen
and water vapour is fed to the adsorption column where water vapour is retained and the hydrogen with
higher purity is obtained at column exit. Part of the produced pure hydrogen is diverted to the second
column for bed regeneration. The hydrogen flow in the second column reduces water partial pressure
which triggers desorption and carries out the water released from the adsorbent. The downstream of
the column undergoing bed regeneration is called a purge. The adsorption operation in the first column
is stopped before the complete bed saturation to prevent product contamination because of the S-
shaped flow propagation front in the bed. Then the feed is diverted to the second column while the first
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Figure 4.13: PSA configuration

column is regenerated. Adsorption and desorption are switched between columns in cyclic operation.
Equal adsorption and desorption times are preferable to maintain continuous hydrogen processing in a
PSA consisting of two columns. In case bed regeneration takes a longer time compared to adsorption,
increasing the number of columns can be considered. An increase in the number of columns requires
scheduling adsorption and desorption in cyclic operation. It also results in a cost rise due to additional
adsorbent material use and heat supply in the prolonged desorption step.

The PSA performance is assessed based on key performance indicators (KPI) such as product
purity, recovery and total productivity [42, 89]. The definitions of these KPIs are outlined below:

purity =
NH2, prod

NH2, prod +NH2O, prod
=

NH2, prod

N prod
(4.4)

recovery =
NH2, prod −NH2, purge

NH2, feed
(4.5)

total productivity =
Nprod −Npurge

tcyclewads
(4.6)

where NH2, feed, NH2, prod and NH2, purge represent the cumulative hydrogen moles in feed, product and
purge respectively, tcycle denotes the total cycle time and wads stands for adsorbent mass. NH2, feed and
NH2, prod are equal since hydrogen is assumed to be an inert gas in the model. The cumulative number
of hydrogen moles in the product and purge is calculated by integrating the molar flow rate,ṅH2, leaving
the column in the adsorption and desorption steps:

NH2,prod =

∫ tads

0

ṅH2, proddt (4.7)

NH2,purge =

∫ tdes

0

ṅH2, purgedt (4.8)

The cumulative water moles in the product,NH2O, prod, and purge ,NH2O, purge, are calculated in the same
way. XINTC requested to maintain recovery between 85% and 90%. Recovery shows the product loss
due to product consumption for bed regeneration. However, in the current system, the recycle purge will
be sent back to atmospheric storage, serving as a buffer for the compression step. However, the level
of regeneration in subsequent cycles depends on regeneration pressure. KPI should be determined
after the first cycle as prolonged adsorption in the first cycle result in misleading performance.
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The cumulative amount of product,NH2, prod, increases with the increase of adsorption time. Adsorp-
tion time depends on bed regeneration level. In its turn, bed regeneration depends on regeneration
pressure. Regeneration pressure influences heat consumption in the desorption process and deter-
mines the required heat input to prevent ice formation and passing the wall temperature threshold. The
objective of sensitivity analysis is to determine the column size and bed regeneration conditions that
correspond to an optimal balance between productivity and required energy input. Cost is not included
as an optimisation objective, but it is indirectly involved through heat input and mass of adsorbent in
total productivity equation 4.6. The first step in the optimization process is to assume bed size. In the
second step bed regeneration pressure is determined. The gas and wall temperature profiles should
be checked in the following step. The temperature can be controlled by supplying heat and decreasing
the bed diameter. The optimization process can be repeated for different adsorbent materials. In this
sensitivity analysis comparison between zeolite and silica gel is provided.

Feed with a mass flow rate of 0.0046 kg/s is supplied at a pressure of 15 bar and temperature of 5◦C.
The feed is a binary mixture, containing hydrogen and water vapour, with a water mole fraction 0.007.
The feed conditions are assumed to be constant. The adsorption column is made of pipe with both
ends enclosed by flanges. ASTM and API standard pipes are used in existing hydrogen transporting
pipelines [90]. Therefore, ASTM A554 TP304L pipe made of stainless steel with an inner diameter
of 0.2032 m (8 inches) is chosen as an initial guess for pipe diameter. The adsorption bed length is
limited by container size since XINTC electrolysers and hydrogen post-processing equipment come as
containerised units. Hence bed length can be up to 2 m.

4.2.1. Zeolite

Water loading on adsorbent depends on pressure and temperature. Bed regeneration in PSA is
achieved by manipulating total pressure and mole fraction. After the adsorption steps the column is
de-pressurized and in the following step, pure hydrogen with a water mole fraction of 5 ppm is supplied
to further reduce partial pressure. The level of bed regeneration depends on the chosen regeneration
pressure. An adsorption bed made of zeolite 3A regeneration under vacuum conditions is mentioned in

Figure 4.14: The water adsorption isotherm on zeolite 3A at a feed temperature of 5◦C is described by the triple-site Langmuir
model. The model parameters have been adjusted to fit experimental data, as documented in the study by Wang et al [35]. The
fitted triple-site Langmuir model parameters can be found in Table 3.2

several scientific papers [91, 92, 93]. Vacuum regeneration might be a reasonable choice considering
the shape of water adsorption isotherm on zeolites in Figure 4.14. Several cases have been run to
check the influence of atmospheric and vacuum conditions on PSA performance. Vacuum pressure
can vary between 0.1 bar and 0.01 bar [94]. The results can be seen in Figure 4.15 and in Table 4.4.

The adsorption bed is completely regenerated in the initial cycle. However, it is not feasible to reach
the same level of bed regeneration at none of the considered regeneration pressures. The highest level
of bed regeneration is achieved at a vacuum pressure of 0.01 bar which results in later breakthrough



4.2. Sensitivity analysis 35

Figure 4.15: Comparison of breakthrough and useful bed capacity under various vacuum and atmospheric conditions. Useful
bed capacity is defined as the difference between the loading at the end of adsorption and the loading at the end of desorption.
A larger useful bed capacity leads to a longer adsorption time until breakthrough occurs.

Table 4.4: PSA performance comparison at different regeneration pressures. The heat is supplied through the outer wall of the
adsorption column to maintain the gas temperature above 0°C during the desorption step.

Case Description Adsorbent
mass
(kg)

Adsorption
time (hrs)

Heat in-
put (kJ)

Purity (%) Recovery
(%)

Total Pro-
ductivity
(mol/hr/kg)

1 Bed regeneration at 1 bar 93.11 1.09 18.08 99.9996 85.11 35.73

2 Bed regeneration at 0.1 bar 93.11 2.97 50.21 99.99997 85.11 35.62

3 Bed regeneration at 0.01 bar 93.11 5.82 99.15 99.999996 85.11 35.54

time compared to bed regeneration at 0.1 bar and 1 bar. Recovery kept constant at 85.11 % in all
cases. The heat source, assumed to maintain a constant temperature, is positioned outside the ad-
sorption column to simulate a heat exchanger. The heat input during the desorption step is determined
by integrating the heat flow over the desorption time. Purity meets ISO 14687:2019 [21] requirements
in all cases. An interesting fact worth noting is that total productivity doesn’t improve significantly de-
spite extended adsorption times. To grasp this phenomenon better, it’s useful to examine equation 4.6.
The consistent size maintained across cases implies that the adsorbent mass also remains constant.
Similarly, constant recovery signifies a stable relationship between cumulative product and cumulative
purge, approximately at 0.85 ×Nprod. Therefore, the only variables changing in equation 4.6 are the
total cycle time (tcycle) and cumulative production (Nprod). As the adsorption step is prolonged, more
product is indeed produced. However, there is only a slight change when productivity is evaluated
per kilogram of adsorbent and per hour. The adsorption time, heat input and pressure drop become
key factors in regeneration pressure selection when PSA performance is similar in all cases. The bed
regenerated at 0.01 bar provides roughly 5 times longer adsorption time compared to bed regeneration
at atmospheric pressure, which means less frequent column switching is needed. It is beneficial from
an operational point of view since less frequent equipment use leads to longer service time. The higher
heat input in Case 3 compared to Case 2 is explained by longer desorption operation. The regeneration
pressure 0.01 bar is chosen considering all factors.

The operating temperature range can be checked once the regeneration pressure is selected. The
gas temperature profiles during the adsorption and desorption steps can be seen in Figure 4.16. The
adsorption process generates heat, however, cooling is not needed as the feed is already at a low
temperature. The heat supplied during the desorption step is not sufficient to maintain a gas temper-
ature above 0◦C. The gas temperature can be raised above 0◦C by increasing the heat input during
the desorption step. However, this might lead to an increase in the wall temperature, surpassing 80◦C,
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Figure 4.16: Gas temperature profiles in adsorption and desorption steps. The left side of the depiction represents the gas
temperature during adsorption, whereas the right side displays the gas temperature during the desorpiton.

as heat is supplied through the wall. Another approach to enhance heat dissipation is to reduce the
diameter of the adsorption column. This action increases the flow velocity, subsequently improving the
advection term in the energy balance equation. The last option is to raise the feed temperature. This
will result in an increase in both the gas and wall temperatures during the adsorption step, which is
beneficial for the desorption step as long as the wall temperature remains below the threshold. It has
been determined that the column diameter is 0.0914 m (3.6 inches) and the feed temperature 25◦C
keeps the gas temperature above 0◦C in the desorption step after the series of iterations. The gas
temperature profiles in the adsorption and desorption steps after optimization are illustrated in Figure
4.17. As can be noticed in Figure 4.17 gas temperature remains above 0◦C.

Figure 4.17: Gas temperature profiles in adsorption and desorption steps after optimization. The left side of the depiction
represents the gas temperature during adsorption, whereas the right side displays the gas temperature during the desorption.

The increased velocity helped to maintain gas temperatures above 0◦C in the desorption step. It
also made the adsorption time shorter. The influence of change in feed conditions and adsorption
column size on PSA performance can be seen in Table 4.5. The 5 times productivity improvement
compared to other cases mainly is explained by the adsorbent mass decrease from 93.11 kg to 18.85
kg due to the adsorption column size reduction. The change in breakthrough time and useful bed
capacity due to optimized column size and increased feed temperature can be seen in Figure 4.18.

Case 2 is considered optimal due to its sufficient adsorption time, despite the improved productivity
in Case 4. The PSA system, featuring 3 columns, can be simulated once the regeneration pressure is
selected, and the temperature profiles are verified. The addition of a third column allows for a desorption
time twice as long as the adsorption time. This extended desorption time leads to higher levels of bed
regeneration. The productivity decreased despite of better regenerated because of an increase in total
adsorbent mass from 93.11 kg to 139.66 kg.

Bed regeneration at 0.1 bar is considered to be optimal based on adsorption time, thermal man-
agement and total productivity. Adding a third column is unnecessary, as it decreases productivity
by increasing the total adsorbent mass. Moreover, the additional column increases costs due to the
material mass required for the adsorption column and the overall increase in adsorbent mass.
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Figure 4.18: Breakthrough and useful bed capacity comparison at different atmospheric and vacuum conditions

Table 4.5: Comparison of PSA performance at different regeneration pressures. The heat is supplied through the outer wall of
the adsorption column to maintain the gas temperature above 0°C during the desorption step. In case 4, the bed size and feed
conditions have been adjusted to prevent ice formation during the desorption step

Case Description Adsorbent
mass
(kg)

Adsorption
time (hrs)

Heat
input (kJ)

Purity
(%)

Recovery
(%)

Total Pro-
ductivity
(mol/hr/kg)

1 Bed regeneration at 1 bar 93.11 1.09 18.08 99.9996 85.11 35.73

2 Bed regeneration at 0.1 bar 93.11 2.97 50.21 99.99997 85.11 35.62

3 Bed regeneration at 0.01 bar 93.11 5.82 99.15 99.999996 85.11 35.54

4 Bed regeneration at 0.01 bar.
Reduced diameter and elevated
feed temperature

18.85 0.81 7.31 99.999993 85.11 175.63

5 Bed regeneration at 0.1 bar.
PSA with 3 columns

139.66 5.94 99.41 99.99997 85.11 23.79

4.2.2. Silica gel

The bed regeneration under vacuum conditions is unnecessary since bed regeneration at atmo-
spheric pressure is able to reduce loading from 37 mol/kg to nearly 0 mol/kg as depicted in Figure 4.19.
The adsorption time is significantly longer when compared to zeolite due to its higher adsorption capac-
ity. The addition of an extra adsorption column into the PSA system serves the purpose of increasing
the bed’s useful capacity by extending the desorption time. The longer the useful bed capacity, the
more extended the adsorption process becomes. It’s worth noting that even without a third column, the
adsorption time is already significantly long. Therefore, it can be concluded that the need for a third
column is not justified.

Table 4.6: PSA performance comparison at different regeneration pressures

Case Description Adsorption
mass
(kg)

Adsorption
time (hrs)

Heat in-
put (kJ)

Purity (%) Recovery
(%)

Total Pro-
ductivity
(mol/hr/kg)

1 Bed regeneration at 1 bar 104.15 25.19 774.89 99.999994 90.00 33.49

The temperature profile analysis has identified a significant concern: the gas temperature drops be-
low -50◦C. This situation poses a risk of ice formation within the adsorption column, potentially leading
to flow blockages. To comprehensively address the seriousness of this issue, it is essential to provide
a detailed explanation of its root causes. The pure hydrogen supplied to the fixed bed reduces water
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Figure 4.19: The water adsorption isotherm on silica gel at a feed temperature of 5◦C is described by the triple-site Langmuir
model. The model parameters have been adjusted to fit experimental data, as documented in the study by Wang et al [35]. The
fitted triple-site Langmuir model parameters can be found in Table 3.2

partial pressure and triggers desorption. The water released from the adsorbent to gas is carried out
towards the column exit increasing water concentration and subsequently partial pressure there. There-
fore, water loading decreases at the column inlet first compared to the rest of the column as can be seen
in Figure 4.20. The decrease of water loading with time, ∂qi/∂t, decreases the adsorbent temperature
according to Equation 3.5. Then gas temperature decreases due to convective heat transfer between
gas and adsorbent. This is how the rate of water loading change influences the gas temperature. The
loading and gas temperature in Figure 4.20 are plotted at the same time interval to highlight that at
the beginning of the desorption process the rate of loading higher causing a higher gas temperature
drop. The extent of gas cooling depends on the heat of adsorption, heat transfer coefficients, and the
difference between loading at adsorption pressure and regeneration pressure. The methods such as

Figure 4.20: Gas temperature and loading profiles in desorption step

heat input increase, adsorption column decrease, feed temperature and purge rate increase employed
in the case of zeolite did not help increase gas temperature.

Adsorption favours low temperatures and high pressures. Therefore the feed is pressurized to 15
bar. Another reason for increasing feed pressure is to effectively store the product in a given volume.
As can be seen in Figure 4.14 and Figure 4.19 water loading improves significantly with partial pressure
increase up to 1 kPa. Change in water loading becomes negligible after a partial pressure of 1 kPa.
It suggests that adsorption could be conducted below 15 bar. The pipeline between the compressor
and the PSA system, and adsorption columns should be able to withstand 15 bar total pressure for
safety reasons. The expenses related to the pipeline, which is able to withstand high pressure, can be
reduced by performing adsorption at low pressure and putting the compressor after the PSA system.
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Discussion

5.1. Conclusions
The hydrogen produced through alkaline water electrolysis contains impurities, including oxygen

and water vapour. The goal of this project is to develop a model and design a Pressure Swing Adsorp-
tion (PSA) system aimed at reducing the water vapour content in hydrogen to meet the purity standards
outlined in ISO 14687:2019.

PSA has basic four steps, namely, pressurization, adsorption, depressurization and desorption. The
models for each step have been developed and validated with experimental data available in the liter-
ature. The fundamental difference in simplified and extended energy balance and its consequences
have been revealed during model validation. The simplified energy balance model assumes immedi-
ate thermal equilibrium between gas and adsorbent and fails to capture realistic temperature profiles.
Detailed derivations of equations involved in models can be found in the Appendix.

The design challenge primarily revolves around temperature control, despite pressure being a vari-
able that plays a crucial role in adsorption and desorption processes. The heat release and consump-
tion during the adsorption and desorption steps present the risk of overheating the adsorption column
wall and causing ice formation. Key parameters such as diameter, feed temperature, purge rate, and
heat input have been identified as tools for temperature control. The energy input required for gas
compression and heat supply during the desorption step can be minimized by reducing the adsorption
pressure.

In terms of the adsorbent material, a sensitivity analysis has been conducted to assess the influence
of zeolite and silica gel on PSA performance. Silica gel boasts an impressive adsorption capacity of
37 mol/kg, which is 2.6 times higher than that of zeolite. This heightened adsorption capacity results in
an extended adsorption time of 25 hours. From an operational perspective, this prolonged adsorption
duration proves advantageous as it reduces the need for frequent column switching, ultimately extend-
ing the equipment’s service life. However, there is a significant temperature drop in the gas, reaching
as low as -50◦C during the regeneration of the silica gel bed. Measures such as increasing heat input,
decreasing the diameter, increasing the purge rate, and elevating the feed temperature did not suffice
to maintain the gas temperature above 0◦C.

The optimal configuration for the zeolite bed has been determined, featuring a length of 2 meters
and a diameter of 0.0914 meters. This configuration has been selected based on considerations of
adsorption time, productivity, and thermal operating range. It’s important to note that the zeolite bed
requires regeneration under a vacuum pressure of 0.1 bar, which entails additional energy input. The
breakthrough time for the zeolite bed has been calculated to be 2.97 hours. In the PSA system compris-
ing two adsorption columns, the total mass of zeolite employed is 18.85 kilograms. This configuration
achieves a hydrogen purity level of 99.999%while maintaining a recovery rate of 85%. The introduction
of a third column in the PSA system enables an extended bed regeneration time, which comes at the
expense of reduced total productivity, decreasing from 35.62 mol/hr/kg to 23.79 mol/hr/kg due to total
adsorbent mass increase from 93.11 kg to 139.66 kg.
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5.2. Recommendations
The modelling approach for pressurization and depressurization has been validated, but the ab-

sence of experimental data introduces some uncertainty. The primary concern revolves around the
time it takes for pressurization and depressurization. The model suggests an estimated duration of
only 1 second to increase the feed pressure from 1 bar to 15 bars. This exceptionally short pressur-
ization time may be related to how a boundary condition is imposed. Further investigation and the
acquisition of experimental data are essential. In addition, pressurization and depressurization are
modelled assuming an isothermal bed. In reality, the temperature might change during pressurization
and depressurization due to differences between the feed and bed temperatures or the presence of
adsorbable gas in the feed. Reza Haghpanah et al. [95] provide an approach for modelling fixed bed
pressurization with a mixture of inert and adsorbable gases, assuming a non-isothermal bed. This
modelling approach is similar to the one shown in Section 3.1.3. Transitioning from the isothermal bed
assumption to the non-isothermal bed assumption should be feasible. However, it was not implemented
in this work due to time constraints.

The axial dispersion coefficient and linear driving force coefficient can be approximated using cor-
relations. Nevertheless, it is imperative to conduct experiments to validate these estimates and make
adjustments if necessary. While the model’s validity is confirmed through an experiment involving a
binary system of nitrogen and water vapour, specific validation for hydrogen and water vapour systems
is warranted. Experimental data can also contribute to accurately calculating heat transfer coefficients.
The precision of these coefficients is crucial, given the design complexities associated with heating and
cooling adsorption columns.

During the desorption step, heat is introduced through the outer surface of the adsorption column.
However, the heat flow is constrained due to the 80◦C threshold imposed on the adsorption column wall.
Incorporating a heat exchanger inside the adsorption column might offer greater efficiency because it
allows for direct contact with the gas and adsorbent.

The PSA design approach, design challenges, and potential solutions have been detailed in the
sensitivity analysis section. Nevertheless, it is possible to structure the optimization problem more
effectively and employ a more sophisticated optimization algorithm.
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A
Derivations

A.1. Mass balance
The derivation of mass balance starts with the differential form of the Continuity equation in Fluid

dynamics:
∂ρ

∂t
+

∂(ρu)

∂z
= 0 (A.1)

The preceding equation is still valid if the concentration replaces the density.

∂c

∂t
+

∂(cu)

∂z
= s (A.2)

where s is a source/sink therm specific to the case of adsorption/desorption. Examining the units of
concentration and velocity it can be understood that their multiplication represents the molar flux, j:

cu =

[
mol

m3

m

s
=

mol

m2s

]
= j (A.3)

Then the equation A.2 can be rearranges as following:

∂c

∂t
+

∂j

∂z
= s (A.4)

The molar flux can be described in terms of advection and diffusion as follows:

j = cu−DL
∂c

∂z
(A.5)

where DL is the diffusion coefficient. The combination of the equations A.4 and A.5 gives:

∂c

∂t
+

∂cu

∂z
−DL

∂2c

∂z2
= s (A.6)

The s is the source/sink term, which has the following from:

s = −
Nc∑
i=1

∂qi
∂t

ρs (A.7)

The dimensional analysis of equation A.6 shows that the left-hand side and right-hand side of the
equation have the same unit

[
mol
s·m3

]
. Both sides of the equation should be multiplied by volume to get

from differential form to integral form. The left-hand side of the equation describes the flow and it should
be multiplied by the fluid volume Vf , which is equal to void volume. Whereas the source term is related
to the adsorbent, meaning it is multiplied by solid volume, Vs:
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Vf

(
∂ci
∂t

+
∂(ciu)

∂z
−DL

∂2ci
∂z2

)
= −Vs

Nc∑
i=1

∂qi
∂t

ρs (A.8)

The fluid and solid volumes can be described in terms of bed volume and porosity:

Vf = Vvoid = εVbed (A.9)

Vs = (1− ε)Vbed (A.10)

The final form of mass balance equation is obtained by incorporating equations A.9 and A.10 into
equation A.8:

∂ci
∂t

+
∂(ciu)

∂z
−DL

∂2ci
∂z2

= − (1− ε)

ε

Nc∑
i=1

∂qi
∂t

ρs (A.11)

A.2. Energy balance for gas phase. Immediate thermal equilibrium
between gas and solid phases

According to the law of energy conservation, the following equation applies:

Ė = U̇ + ˙PE + K̇E (A.12)

Assuming negligible potential energy ( ˙PE) and kinetic energy (K̇E), Equation A.12 simplifies to:

Ė = U̇ (A.13)

The rate of change of internal energy is defined through heat flow, as schematically shown in Figure
A.1:

∂U

∂t
= Avoidq̇cond(z)−Avoidq̇cond(z+∆z)+Avoidq̇conv(z)−Avoidq̇conv(z+∆z)−Ain

wallq̇wall+

Nc∑
i=1

ρsVs
∂qi
∂t

∆Hi

(A.14)
Here, q̇cond and q̇conv represent conduction and convection heat transfer within the fluid, while q̇wall
denotes heat transfer from the gas to the adsorption column wall.
The left-hand side of Equation A.13 can be described as:

∂U

∂t
=

∂(mfCp,fTf +msCp,sTs)

∂t
= ρfVfCp,f

∂Tf

∂t
+ ρsVsCp,s

∂Ts

∂t
(A.15)

The simplified energy balance assumes immediate thermal equilibrium between the gas and adsorbent,
implying equal gas and solid temperatures:

∂U

∂t
= [ρfVfCp,f + ρsVsCp,s]

∂Tf

∂t
(A.16)

The fluid volume and solid volume in Equation A.16 can be expressed in terms of bed volume and
porosity using Equations A.9 and A.10:

∂U

∂t
= εVbed

[
ρfCp,f +

(
1− ε

ε

)
ρsCp,s

]
∂Tf

∂t
(A.17)

It’s worth noting that the factor in Equation A.16 can be rewritten as:

Vf = Vvoid = εVbed = Avoid∆z (A.18)

Combining Equations A.14, A.17, and A.18, we obtain:
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Figure A.1: Schematic drawing of heat flow

[ρfCp,f + ρsCp,s]
∂Tf

∂t
= − q̇cond(z +∆z)− q̇cond(z)

∆z
− q̇conv(z +∆z)− q̇conv(z)

∆z
−

Ain
wall

εVbed
q̇wall+

Vs

εVbed
ρs

Nc∑
i=1

∂qi
∂t

∆Hi

(A.19)
The first and second terms on the right-hand side of Equation A.19 represent derivatives of conduction
and convection with respect to z:

[ρfCp,f + ρsCp,s]
∂Tf

∂t
= −∂q̇cond

∂z
− ∂q̇conv

∂z
−

Ain
wall

εVbed
q̇w +

Vs

εVbed
ρs

Nc∑
i=1

∂qi
∂t

∆Hi (A.20)

Inner wall surface area (Ain
wall) for cylindrical column is defined as follows:

Ain
wall = πdin∆z (A.21)

Equation A.20 can be simplified using definitions of inner wall surface area A.48 and solid volume A.10
:

[ρfCp,f + ρsCp,s]
∂Tf

∂t
= −∂q̇cond

∂z
− ∂q̇conv

∂z
− 4

εdi
q̇wall + ρs

1− ε

ε

Nc∑
i=1

∂qi
∂t

∆Hi (A.22)

The expressions for conduction and convection in the fluid and heat transfer from the fluid to the wall
are given by:

q̇cond = −kf
∂Tf

∂z
(A.23)

q̇conv = ρfufCp,fTf (A.24)

q̇wall = hw(Tf − Tw) (A.25)

The change in fluid temperature with time, according to the simplified energy balance assumptions, is
given by:

[ρfCp,f + ρsCp,s]
∂Tf

∂t
= kf

∂2Tf

∂z2
− ρfufCp,f

∂Tf

∂z
− 4

εdin
q̇wall + ρs

1− ε

ε

Nc∑
i=1

∂qi
∂t

∆Hi (A.26)
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A.3. Energy balance for gas phase
The energy balance for the gas phase starts with defining internal energy balance change:

∂Uf

∂t
= q̇cond(z)Avoid− q̇cond(z+∆z)Avoid+ q̇conv(z)Avoid− q̇conv(z+∆z)Avoid+ q̇wallA

in
wall+ q̇solidAs (A.27)

The right hand side of equation A.27 can be expanded as follows:

Uf = ṁfCp,fTf = ρfVfCp,fTf (A.28)

The combination of equations A.28 and A.18 result in:

Uf = ρfAvoid∆zCp,fTf (A.29)

Equation A.27 can be re-arranged using equation A.29:

ρfCp,f
∂Tf

∂t
= − q̇cond(z +∆z)− q̇cond(z)

∆z
− q̇conv(z +∆z)− q̇conv(z)

∆z
−

Ain
wall

Avoid∆z
q̇wall+

As

Avoid∆z
q̇s (A.30)

The first two terms in right hand side of equation A.30 are derivative of conduction and convection with
respect to z:

ρfCp,f
∂Tf

∂t
= −∂q̇cond

∂z
− ∂q̇conv

∂z
−

Ain
wall

Avoid∆z
q̇w +

As

Avoid∆z
q̇solid (A.31)

The void area (Avoid) is derived from equation A.18 :

Avoid =
Vvoid
∆z

(A.32)

The solid area (As) is defined in approach similar to void area:

As =
Vs

∆z
(A.33)

The facors in right hand side of equation A.31 can be simplified using equations A.32, A.33 and A.48:

ρfCp,f
∂Tf

∂t
= −∂q̇cond

∂z
− ∂q̇conv

∂z
− 4

εdin
q̇w +

1− ε

ε

1

∆z
q̇solid (A.34)

The convective heat transfer from solid to gas is defined as follows:

q̇s = hf (Ts − Tf ) (A.35)

Equation A.34 can be further simplified using definitions of conduction A.23 and A.24 in the fluid, con-
vective heat transfer from gas to wall A.25:

ρfCp,f
∂Tf

∂t
= kf

∂2Tf

∂z2
− ρfuCp,f

∂Tf

∂z
− 4

εdin
hw(Tf − Tw) +

1− ε

ε

1

∆z
hf (Ts − Tf ) (A.36)

A.4. Energy balance for solid phase
The energy balance derivation for solid phase starts with defining internal energy change:

∂Us

∂t
= q̇cond(z)Avoid − qsAs + qsourceVs (A.37)

The internal energy for solid phase can be defined as follows:

Us = ρsVsCp,sTs = ρsAs∆zCp,sTs (A.38)
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Equation A.37 can be rearranged using equation A.38:

ρsCp,s
∂Ts

∂t
= − q̇cond(z +∆z)− q̇cond(z)

∆z
− As

Vs
q̇s + q̇source (A.39)

The first term in right hand side of equation A.39 represents conductive heat transfer derivative with
respect to z:

ρsCp,s
∂Ts

∂t
= −∂q̇cond

∂z
− As

Vs
q̇s + q̇source (A.40)

The solid volume (Vs) can be defined in terms of solid area (As) as:

Vs = As∆z (A.41)

The combination of equations A.40 and A.41 result in:

ρsCp,s
∂Ts

∂t
= −∂q̇cond

∂z
− 1

∆z
q̇s + q̇source (A.42)

The conductive heat transfer in the solid (q̇cond) and heat source (q̇source) are defined as follows:

q̇cond = −ks
∂2Ts

∂z2
(A.43)

q̇source =

Nc∑
i=1

∂qi
∂t

ρs∆Hi (A.44)

The final form of equation A.45 can be obtained by using equations A.35, A.43 and A.44:

ρsCp,s
∂Ts

∂t
= ks

∂2Ts

∂z2
− 1

∆z
hf (Ts − Tf ) +

Nc∑
i=1

∂qi
∂t

ρs∆Hi (A.45)

A.5. Energy balance for column wall
The change of column wall internal energy with time is defined as:

∂Uw

∂t
= Awall, cq̇cond(z)−Awall, cq̇cond(z +∆z) +Ain

wallq̇
in
conv −Aout

wallq̇
out
conv (A.46)

where Awall, c is cross-section area, whereas Ain
wall and Aout

wall denote the inner and outer column wall
surface areas respectively:

Awall, c =
π

4
(d2out − d2in) (A.47)

Ain
wall = πdin∆z (A.48)

Aout
wall = πdout∆z (A.49)

The left side of the equation can be expanded in the following way:

∂Uw

∂t
= ρwVwCp,w

∂Tw

∂t
(A.50)

where Vw is a column wall volume, which is defined as:

Vw = Awall, c∆z (A.51)

Equation A.50 can be rearranged using A.51:

∂Uw

∂t
= ρwAwall, c∆zCp,w

∂Tw

∂t
(A.52)
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The combination of Equations A.46, A.48, A.49 and A.52 result in:

ρwCp,w
∂Tw

∂t
= − q̇cond(z +∆z)− q̇cond(z)

∆z
+

πdin
Awall, c

q̇inconv −
πdout
Awall, c

q̇outconv (A.53)

The first term on the right-hand side of Equation A.53 represents the derivative of conduction with
respect to z:

ρwCp,w
∂Tw

∂t
= −∂q̇cond

∂z
+

πdin
Awall, c

q̇inconv −
πdout
Awall, c

q̇outconv (A.54)

where q̇cond is conduction in the wall, whereas q̇inconv is convective heat transfer from fluid to inner wall
surface and q̇outconv is convective heat transfer from outer wall surface to environment:

q̇cond = −kw
∂Tw

∂z
(A.55)

q̇inconv = q̇wall = hw(Tf − Tw) (A.56)

q̇outconv = h∞(Tw − Te) (A.57)

The wall temperature change with time is obtained by combining Equations A.47, A.54, A.55, A.56 and
A.57 result in:

ρwCp,w
∂Tw

∂t
= kw

∂2Tw

∂z2
+

4din
(d2out − d2in)

hw(Tf − Tw)−
4dout

(d2out − d2in)
h∞(Tw − Te) (A.58)

The outer diameter can be described in terms of inner diameter and wall thickness:

dout = din + tw (A.59)

The Equation A.59 combined with A.58 gives:

ρwCp,w
∂Tw

∂t
= kw

∂2Tw

∂z2
+

4din
(din + tw)2 − d2in

hw(Tf − Tw)−
4(din + tw)

(din + tw)2 − d2in
h∞(Tw − Te) (A.60)

A.6. Pressurization with an inert gas
The derivation pressure change in time and space domains starts with expanding the Continuity equa-
tion A.1:

∂ρ

∂t
= −u

∂ρ

∂z
− ρ

∂u

∂z
(A.61)

The density can be expressed in terms of the pressure using the Ideal gas law:

ρ = P
M

RT
(A.62)

Then equation A.61 can be rearranged using the equation A.62 and isothermal bed assumption in the
following way:

M

RT

∂P

∂t
= −u

M

RT

∂P

∂z
− M

RT
P
∂u

∂z
(A.63)

Equation A.63 is simplified by cancelling out the common factor in left and right hand side of the equa-
tion:

∂P

∂t
= −u

∂P

∂z
− P

∂u

∂z
(A.64)
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A.7. Pressurization with a binary mixture of inert and adsorbable
gases

Modelling pressurisation of an adsorption bed with a binary mixture of inert gas and active gas starts
with defining mass balance for both components:

∂c1
∂t

=
∂

∂z

[
DLc

∂y1
∂z

− c1u

]
−
(
1− ϵ

ϵ

)
ρs

∂q

∂t
(A.65)

∂c2
∂t

=
∂

∂z

[
DLc

∂y2
∂z

− c2u

]
(A.66)

where 1 and 2 stand for active and inert gases respectively. The total concentration and concentration
for each species can be defined using the Ideal gas law:

c =
P

RT
(A.67)

ci =
Pi

RT
=

yiP

RT
(A.68)

The mass balance equations for each species can be rearranged by introducing the Ideal gas law:

P
∂y1
∂t

+ y1
∂P

∂t
= DL

(
P
∂2y1
∂z2

+
∂y1
∂z

∂P

∂z

)
−u

(
P
∂y1
∂z

+ y1
∂P

∂z

)
− y1P

∂u

∂z
−
(
1− ϵ

ϵ

)
ρs

∂q

∂t
RT (A.69)

P
∂y2
∂t

+ y2
∂P

∂t
= DL

(
P
∂2y2
∂z2

+
∂y2
∂z

∂P

∂z

)
− u

(
P
∂y2
∂z

+ y2
∂P

∂z

)
− y2P

∂u

∂z
(A.70)

The relationship between active and inert gases is given as:

y2 = 1− y1 (A.71)

Equation A.70 can be described in terms of active gas using Equation A.71:

−P
∂y1
∂t

+(1−y1)
∂P

∂t
= DL

(
−P

∂2y1
∂z2

− ∂y1
∂z

∂P

∂z

)
−u

(
−P

∂y1
∂z

+ (1− y1)
∂P

∂z

)
− (1−y1)P

∂u

∂z
(A.72)

The sum of Equations A.69 and A.72 result in:

∂P

∂t
= −u

∂P

∂z
− P

∂u

∂z
− 1− ε

ε
RT

∂q

∂t
ρs (A.73)

The combination of Equations A.70 and A.73 result in:

∂y1
∂t

= DL

(
P
∂2y1
∂z2

− 1

P

∂y1
∂z

∂P

∂z

)
− u

∂y1
∂z

− 1− ε

ε
ρs

∂q

∂t

(1− y1)RT

P
(A.74)
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