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Formula symbols

Symbol Definition Unit

ap Depth of milling cutter for one cut mm

Agxisting Existing electrode area mm?

Aintet joutlet Area of CO inlet or outlet mm?

Aast Loaded cross section area mm?

Apew New electrode area mm?

A, Head surface area mm?

A Load cross section mm?

Ayater Area of water inlet or outlet mm?

b, Width of the O-ting installation space mm

Cs Design allowance mm

Cup Pitch diameter mm

dq Inner diameter of the O-ring mm

d, Core size diameter mm

d; Core diameter of screw mm

d Outer diameter of the installation space with sealing mm

dg Inner diameter of the installation space with sealing mm

dp Piameter of screw mm

Ainiet foutlet Diameter.of the GOz inlet or outlet mm

Ay, Thread core diameter construction mm

diast Loaded diameter mm

d i Diameter of the milling cutter mm

dwasher Diameter of washer mm

dyater Diameter of water inlet or outlet mm

D Diameter of the nut mm

D, Diameter of connection tools to the hexagon socket mm

D, Outer diameter of the hexagon socket mm

acomponents Outer diameter of the components mm

icomponents Inner diameter of the components mm

e Minimum thickness of the end plate mm

e Minimum thickness of the end plate for installed mm
condition

€components Radial wall thickness of the components mm

€copper plate Radial wall thickness of the copper plate mm

€flow Field Radial wall thickness of the flow field mm

Cnut Height of the hexagon nut mm
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ep, Minimum thickness of the end plate for operating mm
condition
E Young modulus MPa
f Internal stress of material at temperature MPa
fa Internal stress of material at room temperature MPa
1z Set amount um
fonoaa Imut support Set amount of head or nut support pum
fzinner parting line Set amount of inner parting line um
fop Feed per tooth for the plunge milling mm
fz.s Feed per tooth for the slot milling mm
Vaihread Set amount of thread um
Fg Operating force kN
Fyr Clamping force kN
Fpp Operating sealing force N
Frp Minimum bolt force element N
Frp Minimum bolt force element N
Fsp Bolt force for operating condition N
Fy Tightening force kN
Gy Mean seal diameter mm
h Depth-of the.Q-ring installation space mm
K Reduction factor -
kg, Characteristic value -
k, Dressing factor -
ke Yield strength MPa
Iy Clamping length mm
L Total length of the hexagon socket mm
Ly Length of the head of the connection tools mm
Meyist Mass flow of CO; at existing reactor kgh'!
Myt Thickness of the hexagon nut mm
Mscate—up Mass flow of CO; at scale-up reactor kgh'!
Mg, Tightening moment Nm
Neompartment Number of compartments compartments
Neomponents Number of components components
Ngcrew Number of screws Screws
p Operating pressure bar
DPul Operating pressure bar
Prp Pressure surface MPa
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Re Reynold number -
Rynr Tensile strength of material at temperature MPa
Ry rr Tensile strength of material at room temperature MPa
Rp1,0/7 1% yield strength of material MPa
R, Roughness pum
Snut Width of the hexagon nut mm
So Safety factor -
ty The mean pitch mm
v Velocity of CO> flow mm s!
v, Velocity of the milling cutter m min’!
Vuwater Velocity of water flow mm s°!
Vorist Volume flow of water at existing reactor 1s!
Vecal e—up Volume flow of water at the scale-up reactor 1s!
wy Designed bolt load N
Yo Minimum surface pressure MPa
Lever arm measured from the outer edge of the end
Vi plate to the center of the wall thickness of the container mm
Vs Lever arm measured from the outer edge of the end mm
plate to the bolt pitch diameter
YGrRD MPa
Zgy Auxiliary quality -
B Compliance factor -
p Density kg m
v Dynamic viscosity Pa.s
Ugp Auxiliary value -
U Static friction -
Wy Kinetic friction -
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1. Introduction

With the increasing population and the demand for vehicles, the amount of greenhouse that is
released directly into the air is increasing. This is one of the reasons that cause climate change and
environmental pollution. In 2022, more than 321 million tons of CO, were emitted into the
atmosphere than the previous year, setting a new record for CO» emissions at over 36.8 Gt of CO»
[1]. Researchers are investigating suitable solutions to improve environmental situations such as
producing transportation fuels and chemicals. The conversion of CO; is used as one of the methods
for obtaining renewable energy [2].

Renewable Energy

Combustion Sources
o
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Chemicals cOoOH

Figure 1. A schematic diagram of circular production from CO: electrolyzer [3].

In the renewable energy industry, there is increasing interest in CO» reduction reactors, especially
the polymer-electrolyte membrane (PEM) based water electrolyzer technology [4]. This type of
continuous reactor is now existing and investigated at Fraunhofer UMSICHT.

The existing reactor at Fraunhofer UMSICHT contains one stack, which means the electrodes are
in contact directly with an ion exchange membrane and separated by anode and cathode
electrocatalysts. CO; flow is supplied through the cathode while the fluid is flowing along the
anode. The reactor can be worked under 200 bar(g) of pressure condition and 36 g h™! of CO, mass
flow. Additionally, the area of an electrode is 12.6 cm?.

With the increasing CO> mass flow, the relevant size of the reactor cannot be put into the renewable
energy industry due to its low workload. Scaling up the existing electrolyzer is a possible solution



to recycle the CO; that is put into the environment as well as produce more products from the
circulation. To achieve this goal, the scale-up technology for a continuous-flow reactor is used.
The scale-up is first designed by increasing the mass flow of CO> [2] to 1 kgh™! while maintaining
the working pressure in order to test the suitability of the method.

In addition, the centering method is changing from the existing design, which uses screws to fix
the compartments. The operating pressure of the new centering method should be calculated to
check whether it will adapt to the working condition of the electrolyzer. The calculations of
Reynolds numbers and pressure drop are also included to certain the flow properties and the
possibilities due to working conditions.

Overall, the ongoing research development efforts focus on advancing the capabilities of
continuous-flow electro-reduction of CO2> by PEM-based water technology as a reducing CO>
emission solution. Scaling up and optimizing the reactor system due to the structural design and
operational parameters to reach higher expectations.



2. Theoretical fundamentals
2.1. Electrolysis in an H-cell

Currently, an H-cell type is the most common one that is used in laboratories as a CO> reduction
reactor. A typical “H” form cell consists of an anodic and a cathodic compartment separated by an
ion-exchange membrane and connected through the circular chamber. These components are
constructed to prevent the reduction of the products from oxidizing during the reaction. Figure 2
illustrates a schematic diagram of the conventional H-type electrochemical cell. This configuration
is based on three electrodes connected to the potentiostat: working electrodes (WE), reference
electrode (RE), and counter electrode (CE) [3].

Potentiostat

Membrizne

N\ - 4

Figure 2. Schematic structures of an H-cell electrolyzer [5].

The WE and RE are set in the cathodic compartment, and the CE is located in the anodic one.
These compartments are also known as sections or chambers. In addition, the sections are
separated by an ion-exchange membrane in order to avoid the reduction of products due to
reoxidation. The cathodic chamber is connected directly to the CO» through a tube or a glass frit
[5]. Electrons, protons, and Oz are produced when the oxidation of water occurs after applying a
voltage at the anode side [6]. The external circuit at the anodic compartment transfers the electrons
while the protons are carried out across the proton-exchange membrane and consumed at the
cathodic compartment [7]. As a result of the transportation, the reactants reduce at the cathode
during the consumption of electrons and protons. In addition, the protons also can be reduced by
the electrons making hydrogen (Hz) arise. This process is known as hydrogen evolutionary reaction
(HER) [8].



2.2. Continuous CO: electrolysis reactor architecture

A continuous CO» electrolysis reactor is a type of H-cell batch reactor. It is used to convert CO>
into CO, formic acid, and other chemicals during the electrochemical process [2]. This design can
achieve high energy efficiency, working in high operating conditions, and can be easily scaled up
for industrial applications [9].

The structure shown in figure 3 is the most popular structure that is used for the continuous flow
cell. The configuration consists of an anodic flow channel and a cathodic flow channel, which are
separated by an ion-exchange membrane. Other configurations can be derived from this setup. The
anolyte and catholyte are fed through a channel between the gas diffusion electrodes (GDE) and
the membrane [2]. In the high-pressure CO; electrolyzer, which is also called a zero-gap design,
the gas diffusion electrodes (GDE) are contacted directly to the membrane. The reactants are
guided by the plate with flow channels, known as the “flow field”, in both the anode and cathode
side [10].
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Figure 3. The Schematic architecture of a continuous reactor for CO: reduction [2].
2.3. Zero-gap reactor architecture

The construction of the zero-gap electrolyzer is shown in this section. A polymer electrolyte
membrane (PEM) electrolyzer is also known as a membrane electrode assembly (MEA)
electrolyzer [5]. Compared to the batch reactors, the PEM electrolyzer can operate at higher current
densities, higher temperatures as well as higher efficiency [9]. These benefits not only prevent the
oxidization of COzreduction products but also simplify the design of the reactor by requiring fewer
components. In addition, it also works under higher pressures between the electrodes when the
cross-over of reactants is suppressed [5]. In any reactor with a membrane, the separation between
the anode and cathode side by the ion-exchange membrane can avoid the reoxidation of reaction
products and achieve better product separation [8].
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Figure 4. Membrane-based reactor with an MEA featuring anode and cathode gas diffusion electrodes [11].
2.3.1. Membrane electrode assembly

MEA is known as a composition of stacks of gas diffusion electrodes (GDE) and the catalyst at
both the anode and cathode side with the membrane [12]. MEA is the weakest electrochemical
component in a typical high-pressure PEM electrolyzer. The lower ionic resistance is received with
the thinner membrane due to the higher voltage efficiency [13]. It is placed between the anodic
and cathodic flow fields. The MEA is used as an ohmic overvoltage reduction of the cell by
increasing the conductivity of the electrolyzerand the distance between the anode and cathode [8].

2.3.2. Gas diffusion electrodes

A typical gas diffusion layer (GDE) consists of a catalytic layer (CL), and a gas diffusion
layer (GDL). COz gas is transported from the gas diffusion layer to the catalytic layer through the
porous tunnels by physical supports [14]. The GDE has lower mass transfer resistance and a larger
active surface area than the planar electrode systems [8]. Lower current densities are achieved as
the non-carbon formation of a GDE on the anode side in zero-gap reactors for CO> reduction [15].
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Figure 5. A simple structure of a gas diffusion electrode (GDE) [16].

Figure 5 illustrates the structure of a gas diffusion electrode. The GDL is hydrophobic and blocks
the anolyte by its pores and facilitates the transportation to the CL [5]. The use of an electrocatalyst
on the GDL creates a distant connection between the reactants and the catalyst surface [8], which
create the reduction of the mass transfer of the CO,, and maximizes the interaction among the
reactant gas, catalyst, and solid ionomer [6].

2.3.3. Gas diffusion layer

The gas diffusion layer is the gas-permeable support structure where the CO; is guided to the
catalyst layer. GDL controls the mass transfer of water, reactants, and products from and to the
catalyst layer [17]. The gas diffusion layer consists of a macro-porous layer and, optionally, a
microporous layer. The macro-porous layer allows the CO: to diffuse from the reactant to the
catalyst surface. The membrane, which serves as the gas diffusion layer, involves an insulating
microporous sheet with a hydrophobic PTFE fibers layer [17].

2.3.4. Catalyst layer

A catalyst is placed on the gas diffusion layer [17]. The catalyst layer is used to solve both kinetics
and thermodynamics energy during the electrolysis process. With different current densities in the
catalysts, the types of products are affected [6]. The local pH environment consequents the
energetics of different Coz reduction reactor products. They provide secondary approaches to HER
by weakening hydrogen energies [15]., Copper (€u), gold (Aw), zinc (Zn), palladium (Pd), gallium
(Ga), nickel (Ni), and platinum (Pt) can be used as cathode catalysts [8]. On the anodic side,
catalysts are made of iridium oxide or Pt, which helps the oxidation of water and improves the
oxygen evolutionary reaction (OER) [6]. In addition, lead (Pb), mercury (Hg), indium (In), tin
(Sn), cadmium (Cd), and thallium (Td) are materials that are used as formic acid [8].

2.3.5. Membrane

The ion exchange membrane is used to separate the anode and cathode chambers. Three types of
membranes are used in PEM electrolyzer: cation-exchange membrane (CEM), anion-exchange
membrane (AEM), and bipolar membrane (BPM) [14]. The flow of the positive ions, which has
the form of cation flow, is guided by a CEM from the anode to the cathode when the negative
charges are held. Anions are transported from the cathode to the anode while the BPM splits the
water combination to the anode and the cathode due to its structure [6].

A) Cation exchange membrane (CEM) B) Anion exchange membrane (AEM) C) Bipolar membrane (BPM)
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Figure 6. Types of different membranes [18].
2.4. Other components

In addition, the structure of the reactor includes anode and cathode flow fields, end plates,
insulation layers, and current distributor.

Flow field

The flow field is used to aim a distribution of the reactants. The distribution is channeled to the
gas diffusion layer (GDL) and subsequently directed to activate the catalyst layer within the MEA
by the permeable electrode while maintaining a minimum pressure drop [19]. Circular and
rectangular shapes are the most common cross-sections of the flow field. With the circular design,
flow fields have more advantages when providing more homogeneous pressure on the active area
[13]. The flow field is constructed with the fluid flow channels and bipolar plate on both the
cathode and anode sides of the reactor.

Membrane Electrode
/ Assembly

Gas Flow channels

I [
Endplate

4 =

Bipolar Plate,
Repat Lnk'

Figure 7. Stack components according to [2]

The fluid flow channels are used to guide the fluid flow. The size of flow field channels determines
the distribution of CO2 and H>O delivered to the cathode and anode [15]. They are usually
rectangular and have a width in the range of 1-2mm to minimize the fluid pressure loss due to
friction losses [10]. Figure 8 illustrates the types of flow channels. Figure 8a shows the serpentine
flow channels. The fluid velocity in this type of channel is very high which can discharge the
reaction products very fast. However, the resistance time is longer than other designs due to the
long distance between the inlet and the outlet. The pressure drop in the serpentine flow channel
design is also large which causes extra energy loss. Figure 8b presents the parallel design of the
flow channels. The distance between the inlet and the outlet is shorter than the serpentine design
so the pressure drop is reduced. However, there are some “dead zones” that appear in this design
because of the block and accumulation of liquid. The interdigitated fluid flow channel design is
shown in figure 8c. This design is more suitable for short-range circulation although the utilization
rate of reactants and electrodes is lower [20].



Figure 8. Common types of fluid flow channels a/ Serpentine fluid flow channels, b/ Parallel fluid flow
channels, ¢/ Interdigitated fluid flow channels [20]

Bipolar plates are also called separator plates. They are one of the most important components to
supply the reactant gases through the flow channels to the electrodes. These plates mechanically
provide structure for weak MEAs and enhance water management within the electrochemical cell
[10]. These plates work under harsh conditions. Bipolar plates also conduct the current and the
conducting performance of the cell is determined by the electric contact resistance between the
bipolar plates and the circuit distributor [21].

Circuit distributor

A circuit distributor is also called a copper plate. This plate serves not only as support elements
but also for different purposes so it must be strong enough to work under high pressure. The circuit
distributor must resist low electrical and contact. The anode copper plate works with high anodic
potential so it must be corrosion resistance [13].

End plate

The end plate is used to hold either stacks or a CO> reduction reactor by compressing an appropriate
pressure. In addition, the water and CO; inlets and outlets are connected to the end plate. The
higher the pressure operated in the reaction, the thicker material is needed [13].

The CO; reduction reaction is very easily affected by small changes in the additional parameters
of the atmosphere such as temperature, humidification, pressure, etc. Additionally, the different
product selections were also collected from different process variables such as catalyst, pH, current
densities, electrolyte type, flow properties, membrane, and concentration. The cell structure design
also affects the value of products [8]. Water management is the main parameter that keeps the
efficiency of CO, conversion constant [22].



3. State of the Art
3.1. CO: reduction in MEA-type Electrolyzers

A zero-gap electrolyzer is an electrolysis system that has no separation between cathodes, anodes,
and electrolytes. The distance for the ion transportation is decreased due to the pressed and bonded
layers. The zero-gap CO; electrolyzer delivered gaseous CO; to the cathode which helped them
receive the high current densities [23]. In 2008, Delacourt developed a based CEM-CO;
electrolyzer using a cathode catalyst made from silver, and this was the first CO, electrolysis
carried out in this type of reactor. Unfortunately, the CO production was poor due to the acid
environments, which was produced with the CEM [24]. Figure 9 illustrates an overview
construction of a zero-gap electrolyzer.
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Figure 9. A zero-gap electrolyzer schematic according to [25].

3.2. Continuous PEM electrolyzer at Fraunhofer UMSICHT

At Fraunhofer UMSICHT, continuous CO; electrolysis is performed under 200 bar(g) pressure
using a PEM electrolyzer in a zero-gap configuration. The reactor is used to carry out experiments
with different current densities. According to figure 10, the construction of the existing reactor
includes two end plates, two isolation layers, two copper conductivities, one cathode flow field,
one anode flow field, two electrodes, and a membrane. Inlets and outlets for both CO, and water
are attached to each end plate. The assembly involves the use of 10 M12 screws to fix the
components together.
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Figure 10. Configuration of the high-pressure electrolyzer at Fraunhofer UMSICHT.

The current reactor has an electrode diameter is 40 mm, which covers an electrode area of
12.57 cm®. The mass flow of COz in this reactor is in the range of 6 to 60 g h™! while the volume
flow of H,O is 80 ml min™!. This zero-gap reactor is designed to operate under 200 bar(g) of
pressure as well as ensure the safety and reliability in its construction. In addition, a circuit
distributor is made of copper, enhancing the electrical conductivity. Insulating plates are used to
insulate the electricity. Table 1 below shows the technical information about the individual

components.
Type Material Thickness Function
End plate Stainless steel 20mm Mechanical stability
Flow field Titanium 4mm Fluid guidance
Circuit distributor Copper Imm Current line
Insulating panel Novapress® Imm Current insulating

Table 1. Overview information about the existing plates used in zero-gap reactors.

10



4. Objective

During the apply the use of the electrochemical CO; reactor in industry process, there are several
decisive factors such as stability and cost efficiency of the electrolyzer as well as the scalability of
the reactor architecture. However, the current zero-gap electrolyzer at Fraunhofer UMSICHT with
its small reaction area of 12.57 cm? limits the CO2 flow to 60 g h™.

In order to investigate the scalability zero-gap reactor design, the scale-up reactor aims to have the
higher mass flow rate of the CO,, which should be increased to about 1 kg h”! while the pressure
condition is kept at 200 bar(g). The electrode area is increased 30 times bigger.

Anew = Aexisting * 30 = 12.57 - 30 = 377.1 ~ 400 cm?
Equation 1. New electrode areas for scale-up reactor.

According to equation 1, the electrode working area is increased to 400 cm? in proportion to the
CO; mass flow rate. However, with the 400 cm? working area of the electrodes, their diameter is
225.67 mm, which is too large to be constructed when it rejects the material-saving goals. The cell
should be divided into small compartments in order to reduce the size of the reactor.

Diameter of electrodes (cm) 8 9 10 11 12
Area of electrodes (cm?) 50.27 63.62 78.54 95.03 113.1
Number of stacks 8 7 6 5 4

Table 2. Selection of electrode diameter.

According to table 2, 8 compartments with a working area of 50 cm? for the electrodes, which
leads to the diameter of each electrode now being 80mm. Each compartment includes an anode
and a cathode flow field as well as a membrane electrode assembly (MEA), which consists of a
membrane, and two electrodes with catalyst layers between the electrode and the membrane.

The way to center the components is also changed for the new design to reduce the cost of the
stack construction. The components are centered by the M6 pins. In addition, the screws are used
to center the end plates at both sides of the reactor. Table 3 below shows the differences between
the scale-up reactor and the existing one used at Fraunhofer UMSICHT.
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Existing reactor

Scale-up reactor

Working pressure 200 bar(g) 200 bar(g)
Mass flow of CO: 6-60 g h'! 1 kgh'
Volume flow of water (H20) 80 ml min’! 2500 ml min™!
Electrode diameter 40 mm 80 mm
Electrode area 12.57 cm? 50 cm?
Total electrode area 12.57 cm? 400 cm?
Number of compartments 1 8
Centering M12 screws Pins
Current density 300 mA cm™ 300 mA cm™

Table 3. Comparison between the existing reactor and the aim for the scale-up one.
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5. Stress calculation of the zero-gap reactor

For the design of the zero-gap rector, several calculations are required to ensure an operating
pressure of 200 bar(g). First, the tightness of the sealing is calculated in section 5.1 according to
AD 2000 [26]. Then, section 5.2 describes the calculation for the thickness of the end plates
regarding to DIN EN 13445-3 [27]. Section 5.3 shows the radial wall thickness of the components
such as flow fields, copper plate according to DIN EN 13445-11 [28] and 13445-12 [29]. The
screw selection is determined in section 5.4 by the technical numbers and strength calculations
according to Roloff/Matek [30]. Section 5.5 illustrates the pins technical specifications and
calculations, which are taken from JIS B0401-2 [31].

5.1. Tightness of the sealing according to AD2000

In this section, the tightness of the sealing and the number of screws, that are constructed in the
end plate are determined according to AD2000. In addition, the technical number of the O-ring
and the washers are taken from DIN ISO 3601-2 and GN 6339.

The core diameter of the screws that are constructed in the end plate dy, is calculated with the

determination of the auxiliary quality zg, the bolt force for the operating condition Fgg, number
of screws Ngerews, yield strength of the screw class k, 9 and the design allowance cs.

FSB
dyg., = Zgz* f———+cC
B7 BZ : 5
Koz Msirews

Equation 2. The thread core diameter construction of the end plate.

The design allowance cs depends on the minimum bolt force for the operating condition Fsgz based
on the leaflet AD2000 B7 [26]. If the condition from equation 3 is smaller than 20mm, the design
allowance is ¢ = 3 mm, whether the design allowance is ¢ = 1 mm.

z FSB
BZ " |7, .
k12.9 *MNscrews

Equation 3. Condition for design allowance determination [26].
The auxiliary quality is defined by the determination of the safety operation condition Sy, the
auxiliary value for parallel bearings pgp.
4' - SO

- Ugp

Zpz =

Equation 4. Auxiliary quality



The bolt force for operating condition Fgp is calculated based on the minimum bolt force elements
Frg, Frp, Fpg of the equations in leaflet AD2000 B7 [26].

Fsg = Fpp + Fpg + Fpp

Equation S. The bolt force for operating conditions based on [26].

T 2
FRBZP'Z'di

Equation 6. Minimum bolt force element based on [26].

i 2 2
Frp :P'Z'(dn —d;%)
Equation 7. Minimum bolt force element based on [26].
Fpp :P'Tf'dFL'SD'k1FL
Equation 8. Operating sealing force based on [26].

From equations 5, 6, 7, and 8, the shortened equation is:
T ) ,
Fsp = Paur* (Z “dpp, " +m-dp, *Sp- leL) = Pzul y_ =Gy

Equation 9. The bolt force for operating condition.

Due to the use of an O-ring, the characteristic value /iy, -=:0 in the operating condition, and the

bolt force is increased due to the lever arm ratio y; /y,, the bolt force for the operating condition
is:

Equation 10. Shortened bolt force for operation condition.

According to Figure 1 of the appendix, the mean seal diameter G, is the sum of the inner diameter
of the larger O-ring d; and the core size d,. The mean seal diameter G|, is:

Gy =d, +d, =101.32 + 1.78 = 103.1 mm
Equation 11. Mean seal diameter.

The lever arm y; = 89 mm when it is measured from the outer edge of the end plate to the center
of the wall thicknesses of the container, while the lever arm y, = 15 mm when it is measured
from the outer edge to the bolt pitch diameter [26]. Figure 11 illustrates the measuring guide.
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Figure 11. The O-ring gasket characteristic [26].

The ratio between the two lever arms is:

—=——=1443
Y2 15

Equation 12. Lever arm ratio.
The operating pressure p,,; = 200 bar(g) = 20 MPa and the mean seal diameter G, =

103.1 mm. The bolt force for the operating condition is:

s
Fsp = 20-4.43 e 103.1%2 = 740231.55 N

Equation 13. The bolt force for operating condition.

According to table 1 of GN 6339, the diameter of the washers for M16 screws is determined from
table 1 of the appendix with d, 10 = 30 mm [32].

The minimum number of screws that can be assembled to the cell is calculated:

T[CHD_T[ZOS

Nscrews = 5. dB - 516 = 8.05 = 9 screws

Equation 14. Minimum number of screws [26,33].

The reactor should be designed to assemble easily and quickly in order to save time during the
experiments. To accomplish that, the number of screws is assumed ngeprens = 16 Screws.

The zero-gap reactor has two end plates at both sides of the cell to hold and center the
compartments. The end plate calculation includes the calculations of the diameter and the core
thread diameter of the end plate.

The minimum diameter of the end plate is the sum of the pitch diameter of the screws and the
diameter of the washers.

denapiate = Cup + dwasner = 205 + 30 = 235 mm
Equation 15. Minimum diameter of the end plate.

The safety factor of the operation condition is S = 1.8. According to AD2000 B7, the auxiliary
value for parallel bearings of the end plate is pgp = 1. The auxiliary quality is calculated:
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| 4-Se 4-1.8_151
7Bz = 7T'HEP_ w1

Equation 16. Auxiliary quality [26].

Fsp — 151 740231.55 — 9.88 <20
“B2 k12.9 "MNscrews - 1080 - 16 - oeemm= i

Equation 17. Condition for design allowance determination.

From equation 17, the condition is smaller than 20mm, and the design allowance c5 = 3mm. The
thread core diameter of the end plate is:

dyp. = Fsp +c =151 74023155 +3=12.88
knz = 782 k12.9 *Nscrews =5 1080 -16 B ' mm

Equation 18. The thread core diameter construction of the end plate.

Compared to the thread core diameter dy,, of the core diameter of the M16 screw ds, dy,, =
12.88 mm < d; = 13.546 mm, it is acceptable with 16 M16 screws and can be constructed.

5.2. Calculation of axial wall thickness of the end plate

In this section, the minimum thickness of the end piates is caiculated. In addition, the calculations
are related to the tightness of the reactor according to AD 2000 B7, and B8. At least four screws
have to be used and the screw pitch distance should not be larger than 5 - dg [26]. The minimum
thickness e4 for the installed condition is determined in section 10.5.2 of DIN EN 13445-3 [27].
This equation includes the determination of the pitch circle diameter of screws Cyp, the mean
diameter of the seal G, the designed bolt load w,, and the internal stress of the material f,.

3-(Cyp —Gy) W
eAzj (Cup = Go) Wi

- Go fa
Equation 19. The minimum thickness of the end plate for the installed condition [27].

The installation width of the sealing b, and the characteristic value y, are used to calculate the
designed bolt load for installed condition w,. The designed bolt load for the installed condition
equation wy is.

Wy =T by Gy Yo
Equation 20. The bolt load for the installed condition [27].

Tensile strength and 1%-yield strength at room temperature can be found in Table 8 of DIN EN
10088-3. The tensile strength is Ry, = Ry/pr = 500 MPa, and the 1%-yield strength is
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Ry 1,0/ = Rp 1,0/rr = 235 MPa [34]. The calculation of the internal stress of material at the room

temperature f; is:
R R R
_ pl.O/T)_ . ( pL.0/T m/T)]
Ja max[( 15 )™M T2 T3

Equation 21. Internal stress of the material.

~ [(ZBSMPa)_ _ (235MPa_500MPa
fa=max|\—7&— )imin (=57

Equation 22. The internal stress of the material.

)] ~ 166.67 MPa

The mean pitch tp can be determined by the screw pitch diameter Cyp and the number of screws

nscrews .

tB:T['CHD

nscrews
Equation 23. The mean pitch of screws.

The M16 bolts are used to center the end plates at both sides of the new reactor. This selection can
save the material and be cost-effective. The screw diameter of the M16 screws is dg = 16 mm.

The screw pitch diameter is Cyp = 205 mm, and the number of screws is assumed Ny pes =
16 screws. The mean pitch of screwsis now determined:

_T[CHD_T[ZOS

= = = 40.25 mm
5 nscrews 16

Equation 24. The mean pitch of screws.

The minimum thickness of the end plate is also found in section 10.5.2 of DIN EN 13445-3 [27].

€cerl = Max (eA; epl)
Equation 25. The minimum thickness of the end plate.

The minimum wall thickness of the end plates with the operation condition e, is known with the
values of the correction factor Cy_, , the mean diameter of the sealing G, the operating pressure

P,ui» the internal stress of the material, the width and the factor of the flat gasket bg;, mg;. The
minimum wall thickness of the end plates for the operation condition is:

Gy Pzui
ep, = [3 “Cro (Z + 2 bp 'mm) (Cup — Go)] %

Equation 26. The minimum thickness of the end plate with operation condition [27].

The designed bolt load for the assembled condition equation is:
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wy=1-by-Gy-yo=m-29-103.1-2.52 = 2367.05 N
Equation 27. Designed bolt load for the assembled condition [27].

According to equation 25, the e, is determined based on e, and e, . However, the e, is
calculated based on the Cr_,,. The second term of the correction factor is applied with Cp_,, =1

when the wall thickness of the end plates e..;; < 6 mm. Now, the minimum thickness of the end
plates for the installation condition is calculated.

=3.66 mm = 3.7mm

_ 3 Cup—Go) wa _ [3-(205—103.1) 2367.05
€a = TG fa 7-103.1 166.67

Equation 28. The minimum thickness for the installed condition [27].

The required wall thickness of the end plates for the operating condition is:

3-(3+v) G Pt
epl = j[TGOZ +3- CFcell (To-l_ 2- bFl 'mFl> (CHD - GO) fz-:

Equation 29. The minimum thickness of the end plate with operation condition [27].

During the operation, the maximum temperature is T_max = 100°C. The temperature-dependent
1% proof stress at room temperature can be found in Table 20 of DIN EN 10088-3. The tensile
strength 18 Ry = Rpypr = 200 MPa, .and the. .1 %qyield strength i Ry q10/r = Rp10/rr =
430 MPa [34]. The calculation of internal stress of material at the room temperature fj.

~ [(200 MPa) _ (200 MPa 430 MPa
Ja =max |(—g— )imin | ——5—i—

Equation 30. The internal stress of the material at room temperature.

)] ~ 144.33 MPq

According to table 12.6b of Roloff-Matek, the Poisson ratio for steel is v = 0.3 [30]. The operating
pressure is p,,; = 200 bar = 20 MPa. In addition, the flat gasket of the existing reactor is
replaced by the O-ring for the new design, so bg; = 0. The minimum wall thickness for the
operating condition is:

> 3:63+03) 103.12 + 3 1(103'1)(205 103.1) 20 =39.33 39.4
P = 32 ' 4 | Tag33 = 77T E ST AT

Equation 31. The minimum thickness of the end plate with operation condition.

According to equations 25,28 and 31, the minimum wall thickness for the end plates is:

Ecell = max(eA; ep1) = max(3.38;39.4) = 39.4mm
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Equation 32. The minimum thickness of the end plate.

Overall, the minimum wall thickness of the end plate is e .; = 39.4 mm. However, the wall
thickness of the end plate is rounded up to e..;; = 40 mm in order to manufacture easily.

5.3. Calculation of the radial wall thickness of the components

In this section, the radial wall thickness of the components such as flow fields and copper plates
are calculated in order to determine the size of the reactor’s components. The outer diameter of the

flow fields as well as the copper plate D, is known as the sum of the inner diameter of

Acomponents

the component and the radial wall thickness ecomponents- The inner diameter of the component

Dicomponents

outlet.

is measured from the center of the component to the outer diameter of the inlet and
Acomponents = Dicomponents +2- ecomponents

Equation 33. The outer diameter of the components.

ecomponents = max(eflow fields; ecopper plates)

Equation 34. The radial wall thickness of the components.

Pzui* Dicomponents
20 fal' Z — Prwi

Equation 35. The radiai wall thickness based on [27].

e =

According to table 1 of DIN EN 17861, the 1% yield strength at the room temperature of the
titanium material Ti2 is Ry, 19/ = 270 MPa, and the tensile strength is R, 7 = 540 MPa [35].
The inner diameter of the components is measured from the center of the flow field to the outer
diameter of the inlets and outlets D; = 147 mm. The internal stress of the titanium

lcomponents

material is calculated based on table 64.1 of DIN EN 13445-11 [28]:

R R 270 540
£, = min (%;/T ’g”) = min (ET) = 180 MPa.

Equation 36. The internal stress of the titanium material.

The radial wall thickness of the flow field is:

p- Dicomponents _ 20 - 147

€flow field = 2 fiz—p —2_180_20=8.65mmz8.7mm

Equation 37. The radial wall thickness of the flow field.

The tensile strength of the copper material is found in table 9 of DIN EN 12449 with
Ryr = 360 MPa [36]. The internal stress of the copper material is calculated based on table
6.2.1-2 of the DIN EN 13445-12 [29]:
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R 360
/T
o _%sz 120 MPa

Equation 38. The internal stress of the copper material.

The radial wall thickness of the copper plate is:

p ) Dicomponents _ 20 ' 147
2:f4rz—p 2-120-20

=13.36 mm = 13.4 mm

ecopper plate

Equation 39. The radial wall thickness of the copper plate.
According to equation 34, the radial wall thickness of the components is:
€components = max(eflow field» €copper plate) =max(8.7;13.4) = 13.4 mm
Equation 40. The radial wall thickness of the components.
The minimum diameter of the components is:

= Dicomponents + 2 ecomponents = 147 +2-13.4 = 173.8 mm

Acomponents

Equation 41. The outer diameter of the components.

In conclusion, the minimum diameter of the components such as copper plate, flow field is

= 173.8 mm. However, this diameter is rounded up to D

Acomponents Acomponents

order to ensure the stability during the operation.

5.4. Screw strength calculation according to Roloff/Matek

=175 mm in

The cylindrical socket head screws M16, class 12.9 are used to maximize the operating pressure
of the cell. This section will illustrate the calculations of the cell’s components. The required stress

cross-section of the screws Ay must be calculated according to the operating pressure.

57 Kkizo B.E.&
K'kA lk

Equation 42. The require stress cross section.

The permissible operating force Fj is calculated from the formula of the operating pressure p,,,

with the loaded cross-section A;,¢: and the number of screws Ngcrews-

Fy = Pzut " ALast

nscrew

Equation 43. The operating force for the screws.

The operating pressure of the cell is p,,;; = 200 bar, number SCrews Ngcrews, the clamping length

of the cell [, the set amount of the cell, and the yield strength of screws class k, 9, which is

determined in table 2 of the appendix.
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According to the Roloff-Matek, the technical numbers of M12 and M16 screws are known [30].
The core diameter d; and the load cross-section As are taken from Roloff-Matek TB 8-1, while the
head surface area A, is taken from Roloff-Matek TB 8-9. The total friction coefficient pg (static
friction) and py (kinetic friction) are taken from Roloff-Matek TB 8-12. The tightening force Fsp
and the tightening torque M, are taken from Roloff-Matek TB 8-14.

The yield strength of the class 12.9 screws is Kj;14 = 1080 MPa according to TB 8-4 of Roloft-
Matek [30]. The pressure surface of the M 16 cylindrical socket head screw is calculated:

P . FSP M16 _ 135 - 1000
FPMIE ™ 09-Ap e 0.9-181

= 828.73 MPa

Equation 44. The pressure surface of the screws [30].

The loaded diameter d;,; is measured as the diameter from the outer edge of the support channels,
with djq5; = 153.75 mm. The clamping length [, is the sum of the wall thickness of the
components.
l,=40-24+2-2+1-2+(8+4+8):8=214mm.
Equation 45. Clamping length.
The roughness of the components of the cell is assumed, 40 < R, < 160 um. The set amount f,

is the sum of the set amount of thread, the set amount of head or nut support, and the set amount
of inner parting line.

fz = fzthread + fZ head or nut support + fz inner parting line
Equation 46. The total set amount [30].

According to TB 8-10 of Roloff-Matek, the roughness quality from 40 to 60 um provides the set

amount for thread is f,, =3 pm, the set amount for one head or nut support is
Jonead ormus = 4 WM, and the set amount for one inner parting line is fzpar ting line = 3 um. The cell
consists of 8 compartments, 2 copper plates, 2 insulations, and 2 end plates, which are tightened
by screws. Each compartment has 2 flow fields, 1 gas diffusion layer, and 1 membrane. The set

amount of the cell is:

fzhead or nut support 2 prer head or nut support

Equation 47. The set amount of head or nut support.

fzinner parting line (ncomponents - 1) ' fzper inner parting line
Equation 48. The set amount of the inner parting line.

f,=3+4-2+3-(2+1+1)-8+24+2+2—-1) =122 ym =0.122mm
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Equation 49. The total set amount.
The loaded cross-section area of the cell is

- D? m-153.752
Alast = 4 last = ) = 18566 mm?

Equation 50. The loaded cross-section area.

The operating force for the screws is calculated:

_ Pzu “Apast _ 20-18566

Fp = = 23207.5N

nSCTBW 16

Equation 51. The operating force for the screws.

According to Roloff-Matek Formelsammlung, the reduction factor k¥ = 1.24 and compliance
factor f = 0.8 for p; = 0.14 [37]. The dressing factor ka is taken from TB 8-11 of Roloff-Matek
with ky = 1.6 ... 2.5 and k4 = 2.5 is taken. The Young modulus of steel, the material of the screws,
E = 210000 MPa [30]. The clamping force is assumed to be Fg; = 0.

2 Fg + Fy; _ 23207.5 _ 9187 5
S_k12-9_ .E.&_ﬂ_og.zu)ooo.w_ ofmm
ok, P ET 12825 O 714
Equation 52. The operating pressure.
Compared to the actual stress cross section for the M16 screws, Ag, = 157 > 91.87 mm?,

which means the size and the number of screws is acceptable for the cell design.

5.5. Calculation of pins

M6 pins are used to center the compartments of the cell. According to table 1 of JIS B0401-2, the
types of fitting pins are determined. The pins used in the cell are to center the compartments of the
cell as well and they need to be removed easily, which means, the pins are type H7-f7 in table 1 of
JIS B0401-2. The pins diameter is 6 mm, the tolerance of the shaft is from -10 to -22 pm and the
tolerance of the hole is +12um [31].
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6. Calculation of fluid channels

In this chapter, the parameters of the fluid channels are determined in order to maintain the laminar
flow type of the fluid as well as select the size of the O-rings.

O-rings are used to seal the interfaces and prevent the leakage of gas or liquid in the CO» reduction
reaction process. They are also used to maintain the efficiency and performance of the zero-gap
electrolyzer. According to DIN ISO 3601-2, table 6, the width of the O-ring installation space b, =
2.9 mm for the gas phase and b, = 3.2 mm for the liquid phase [38]. In addition, the depth of the
O-ring installation space is also determined. Figure 2 of the appendix illustrates the cross-section
parameters of the sealing covered by walls on both sides. Figure 3 of the appendix shows the
cross-section parameters of the sealing without covering. An outer diameter of the installation
space with sealing d, and an inner diameter of the installation space with sealing dg are also shown
in 2 figures. The size and parameters of the O-ring are determined by Table 7 in DIN ISO 3601-2.
The O-ring selections for the anode and cathode flow fields are based on the parameters of CO2
and water inlet, outlet, and the diameter of electrodes. The diameter of the CO, and water inlet,
outlet is calculated for the laminar flow condition in the cell. The properties of CO; and water are
found on the NIST and Fluidat website. In this chapter, the calculations for O-ring selections are
shown.

6.1. O-ring selections for electrode flow field

According to table 2 of chapter 3, the selected diameter for. the electrodes is 80 mm, and the scale-
up reactor will have 8 stacks. The wall thickness between the electrodes and the O-ring is 9.5 mm
at the anode and 3.2 mm at the cathode flow field. The inner diameter for the anode flow field O-
ring is d; = 101.3 mm, and the inner diameter for the cathode flow field O-ring is d; =
88.62 mm. The core size for both O-rings is d, = 1.78 mm.

6.2. Scaling parameter of CO; stream

The diameter of the CO> inlet and outlet is determined by the flow condition. The CO; flows into
the reactor is typically laminar flow under the flow condition. The type of flow is determined in
this section as well as the diameter of the gas inlet, outlet. The density and dynamic viscosity
parameters of CO; are determined from the NIST and Fluidat website [39,40].

In order to classify the type of flow condition, the Reynolds number must be determined using
parameters such as density, dynamic viscosity, velocity, and the area of the gas inlet or outlet. If
the Reynolds number is lower than 2300, the flow condition is laminar. The flow condition is mix-
type when the Reynolds number is between 2300 and 10°. The turbulent flow exists when the
Reynolds number is larger than 10° [41].
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. v . d
Re = p Lr:et/outlet

Equation 53. Reynolds number [41].

The mass flow of the inlet and outlet is proportional to the electrode area. The mass flow for CO»
at the inlet and inlet will be increased to:

_ Anew . 400

Mscale—up = Aprist *Mexist = 1257
exis .

36 =1145gh™t ~ 1.2 kg h™™.

Equation 54. Mass flow for the scale-up reactor.

The velocity of the CO; flow is:

mscale—up

v =
p- Ainlet/outlet

Equation 55. Velocity of the flow [41].

Assumed the diameter of the inlet and outlet diameter of the CO; in the cell is
Aintet/outter = 12 mm. The area of the inlet and outlet of CO2 in the cell will be:

dinlet/outlet2 122
Ainlet/outlet =1 Z =" 1 = 113.1 mm? = 0.000113 m?

Equation 56. Area of the inlet and outlet of COz2 flow.

According to the density determined in table 4 of the appendix, equation 53, and equation 55,
the velocity and the flow type of the CO» at the inlet and outlet of the flow fields are determined.

The Reynolds numbers in table 7 of the appendix are determined based on equation 53, table 4,
table 5, table 6 of appendix, and the assumed diameter of the inlet and outlet for CO; flow in the
flow fields. According to table 7 of the appendix, the diner/outier = 12 mm is unsuitable due to
the mix flow condition occurring at 25°C under 0 to 20 bar (g) condition. The assumed inlet and
outlet diameter for CO> flow is increased to dinjet/outier = 13 mm. The area of the inlet and outlet

Wlll be Ainlet/outlet = 132.72 mmz.

According to table 8 of the appendix, the flow type is a laminar flow for all conditions of pressure
as well as temperature. The minimum diameter for the inlet and outlet of CO2 flow is
dintetjoutter = 13 mm. The structure for the O-ring holder for the CO; flow inlet and outlet is an

individual wall for the outer diameter of the installation space d. The 15.6x1.78 size of the O-ring
is selected based on DIN ISO 3601-2 [38].
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6.3. Scaling parameter of water stream

The diameter of the water inlet and outlet is also determined by the flow type of the water. The
properties of water and the calculations, which can define the water flow type, are shown in this
section. The water properties data is collected from the NIST website [40].

The volume flow of water at the inlet and outlet is proportional to the electrode area. The volume
flow at the inlet and outlet of the existing reactor is 80 ml min™'. The volume flow of water in the
scale-up reactor will be:

. A . 400
Vscate-up = Anﬂ Vexist = 57 80 = 2545 mlmin~! = 2.5 min~!
exist "

Equation 57. Volume flow of water for scale-up reactor.

The volume flow for each compartment will be:

. Vscale— 2.5
Vscate—up = —————F— ====0.3125 Imin™* = 5.2-1073 [ 57}
ncompartments
Equation 58. Volume flow of water per compartment.
Assumed the diameter of the inlet and outlet for the water flow is d, 4o = 6 mm, the area of the
inlet and outlet is:

d 2 62
Aparer =T %t" = =2827 mm? = 28.27 -10~* dm?

Equation 59. The water inlet and outlet area.

The velocity of the water flow is:

mscale—up _ I./scale—up _ 5.2-1073
,D ' Awate-r Awater 2827 " 10_4

vwater -

=184dms 1 =184mms~!

Equation 60. Velocity of water flow.

The Reynolds number is calculated based on equation 53, and the type of flow condition is
determined.

According to table 9, and table 10 of the appendix, the Reynolds numbers and the type of water
flow are determined in table 11 of the appendix. The results shown in table 11 of the appendix
verify that the diameter of the inlet and outlet for water flow d,,4¢e,r = 6mm is unsuitable due to
the mix flow condition at 60°C. The assumed water flow inlet and outlet diameter is increased to
dyater = 7 mm. The area of the water inlet and outlet will be A,,4er = 38.48 mm? = 38.38 -

10~* dm?2. The velocity of the water flow is Vy,qter = 135.34 mm s~ L.
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According to table 12 of the appendix, the flow type is the laminar flow for all conditions of
pressure as well as temperature. The minimum diameter for the inlet and outlet of water flow is
dyater = 7 mm. However, the decision to acquire the same size of O-ring for both CO, and water
inlets and outlets, the diameter of inlets and outlets is increased to d,, 4o = 13 mm. The Reynolds
number and the classification of flow condition are carried out with the new diameter. The area of
the water flow inlet and outlet will be A,,4er = 132.73 mm? and the velocity of water flow is

Vwater = 39.24 mm s~ L.

The flow types of water, which are shown in table 13 of the appendix verify that the diameter of
the water flow inlet and outlet d,,4¢o,r = 13 mm is acceptable. The structure for the O-ring holder
for the water flow inlet and outlet is an individual wall for the outer diameter of the installation
space d. The 15.6x1.78 size of the O-ring is selected for both CO, and water flow inlet and outlet
based on DIN ISO 3601-2 [38].

The distance between the CO: inlet and outlet and the water inlet and outlet is 33.55 mm. The
41x1.78 size of the O-ring is selected for this installation room. The inner diameter of this size of
O-ring is d; = 41 mm, and the outer wall of the installation space is d, = 44.55 mm [38].
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7. Additional parameters

Most of the main calculations for the design are shown in Chapter 5. Nevertheless, to certain the
validity and the practicality of the design, there are extended parameters such as screws, nuts, and
manufacturing methods that must be determined.

7.1. Screws and nuts

In order to tighten the screws, nuts are attached to the end plate on the other side of the cell.
According to DIN 934, the technical data for the nuts are determined [42].

Figure 12. Cross-section of the nut design [42].

e

amese-German L

Figure 13. CAD M16 hex nut.

According to table 14 of the appendix, the thickness for the M16 hexagon nut is m,,,; = 13 mm,
the width of the nut is s,,,; = 24 mm, and the height of the nut is e,,;;; = 26.8 mm. The size of a
hexagon socket is also determined to measure the distance between screws. The mean pitch of the
screws must be larger than the diameter of the hexagon socket indoors to fit the socket. Misumi
provides the technical data for the hexagon socket [43].
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Figure 14. Cross-section of the hexagon socket design [43].
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According to table 15 of the appendix, the outer diameter of the hexagon socket is D, = 32 mm
is suitable for the M16 hexagon nut when its width is s,,; = 24 mm. The diameter of the
connection tools to the hexagon socket is D; = 25.5 mm, the total length of the hexagon socket is
L = 34 mm while the length of the head of the connection tools is L; = 15 mm, and the thickness
of the nut is m = 13 mm. The outer diameter of the hexagon socket is now compared to the mean
pitch of the screws from equation 24.

D, =32mm < tg = 40.25mm
Equation 61. Comparison between the mean pitch of the screws and the outer diameter.

The outer diameter of the hexagon socket D, is smaller than the mean screw pitch diameter tgz so
the number of screws Ngcrews = 16 screws and the diameter of the pitch circle diameter of the
end plate Cyp = 205 mm is acceptable for the design.

7.2. Milling tools

The guiding angle at the water inlet and outlet is featured in the new CO; electrolyzer design. This
angle is used to link the inlet and outlet with the flow channels of the flow field. The selection of
the milling tools is decided to enable the manufacturing of the guiding angle. The entrance and
exit of water in the flow field are determined as slots and pockets. According to Mikron Tools, a
milling cutter CrazyMill Cool P&S Corner radius 73 type A is selected [44]. This type of milling
tool is known as a milling cutter for slots and pockets in small spaces. This milling cutter can also
be used to mill the titanium material workpiece:

| d; J

Figure 15. Diameter of the milling cutter.

dp

Figure 16. The depth of the milling cutter for one cut.
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d; is known as the diameter of the milling cutter while a, is known as the depth for one cut. The
depth for one cut is calculated based on the material of the workpiece and the diameter of the
cutter. Assumed the diameter of the milling cutter is d; = 2 mm.

di =2mm
v, (m min') fzp (mm) fzs (mm) a, (mm)
100 0.0018 0.0063 0.25-d,

Table 4. The technical data when using slot milling cutter for titanium workpieces [44].

According to the velocity of the milling cutter is v, = 100 m min~1. The feed per tooth for the
slot milling is f, ; = 0.0063 mm, which means, the milling cutter has 16 teeth. The depth for one
cut is:

a, =0.25-d; =0.25-2 =0.5mm.

Equation 62. Depth of the cut.
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8. 3D CAD models of reactor component

This chapter will show the CAD models design of the zero-gap electrolyzer which is based on the
calculations and selections in Chapter 4 and Chapter 5, and drafted by Autodesk Inventor 2022
software.

8.1. Anode flow field

Figure 17 and 18 illustrate the overview design with the front and back view of the anode flow
field. From figure 18, the centering method is changed when screws are replaced by 2 pins. The
inlets and outlets of water have the guiding angle in the new design.

Vietnamese-German University

Figure 17. Front view of anode flow field design. Figure 18. Back view of the anode flow field design.
Figure 19 shows the overview dimensions of the new anode design, which include the cross-

section A-A and A-B. The diameter of the electrodes is increased to dejectroqe = 80 mm. The
outer diameter of the flow field is dfjow fieta = 180 mm, while the diameter of the inlets and
outlets 18 dinjets/outiers = 13 mm. In addition, according to the calculations in chapter S section
3, the minimum area for the water flow to keep laminar flow condition is A4t = 38.5 mm?2.
The cross-section A-A shows the dimension of the water inlet with the height of the water inlet is
hyater = 4 mm and the width of the water inlet is wy, 4¢0,- = 10 mm to get the area of water flow
is Ayqter = 40 mm?. Furthermore, the cross-section A-B illustrates the design of the flow
channels. The fluid flow channels are 2 mm thin while the gaps between them are 2 mm, which
according to the International Journal of Hydrogen Energy written by X. Li and I. Sabir when the
width of the flow channels should be in the range of 1-2 mm [10].
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175 mm

Vietnamese-German University
Figure 19. Dimensions of the anode flow field.

For the last anode flow field, the inlet and outlet of CO; are closed. In addition, this flow field
contains the additional O-ring in order to reduce the stress between the copper plate and the flow
field during the reaction.

8.2. Cathode flow field

Figure 20 and 21 illustrate the overview design with the front and back view of the anode flow
field. From figure 21, the centering method is changed when screws are replaced by 2 pins. The
inlets and outlets of water have the guiding angle in the new design.
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Figure 20. Front view of the cathode flow field design.  Figure 21. Back view of the cathode flow field design.
Figure 22 shows the new diameter of electrodes at the cathode flow fields is doubled to

detectrode = 80 mm. In addition, the height and the width of the water inlet and outlet of the
cathode flow field are shown in cross-section A-A of figure 22. These parameters create the
Ayater = 40 mm? area of water flow in the cathode flow field.

For the last cathode flow field, the inlet and outlet of CO> are closed. In addition, this flow field

contains the additional O-ring in orckr)) Et\ce",he stress between the copper plate and the flow

field dunng the reaction. Vietnamese-German University

175 mm

Figure 22. Dimension of the cathode flow field.
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8.3. [End plate

The end plate designs are shown in figure 23 and figure 24. The end plates include the pins to
centering stacks, which are shown in figure 25, and the screw holes to centering the end plates and
insulations. There are CO; and water inlet and outlet for both end plates. The screws pitch for the
CO; and water inlet and outlets at both inlets are the type of NPT 3/4.

Figure 23. End plate at the last cathode flow field side. ~ Figure 24. End plate at the last anode flow field side.

Vietnamese-German University

Figure 25. Pin centering.
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8.4. Overview

Figures 26, and 27 show an overview of the exploded view of each stack, which includes the O-
ring, one gas diffusion layer, one membrane, two electrodes, one anode, and one cathode flow
field. The last stacks, which are attached to the copper plates, have two different flow fields.
Figure 27 illustrates the last stack with a different cathode flow field.

Vietnamese-German University

Figure 26. Exploded view of one stack.

Figure 27. The last stack with different anode flow field.
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Figure 28 shows the cell assembly design including 8 stacks, 2 end plates, 2 copper plates, 2
insulations, screws, washers, and nuts. Figure 29 illustrates the exploded view of the cell
assembly with 3 stacks, 2 copper plates, 2 insulations, 2 end plates, screws, washers, and nuts.

Figure 29. Exploded view of the cell assembly.
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9. Conclusion and outlook

Overall, the scaled-up design of the zero-gap electrolyzer has been proven to work under the high
pressurization of the continuous electrolysis of CO> to CO according to the calculations in chapter
IV, and V. In addition, the extension parameters were also noticed in chapter VI in order to prove
the suitability of the design in manufacturing.

Since the structure of the original electrolyzer is working well, the idea for the structure of the new
design is taken from the original one. However, the sizes of the components are recalculated to be
suitable in order to meet the requirements of the new design, which also answers the question in
chapter 4. The diameter of the electrodes in the new design is dgjectrodes = 80 mm, which leads
to the change in the diameter of the other components. The diameter of the flow fields is
dfiow rieta = 180 mm, and the diameter of the end plate is depapiate = 280 mm. In addition, the
diameter of the fluid and gas inlets and outlets are also recalculated in order to keep the status of
the flow laminar during the reaction. The widths and the gaps of the flow channels are 2 mm,
which allows the milling cutter chosen in chapter VI to manufacture. Furthermore, the way to
centering the components is also changed into the pins instead of using screws like the original
design in order not to insulate the screws. The total mass of the new electrolyzer is about

Melectrolyzer = 26.5 kg.

According to the calculations and collected data, the requirements for the scale-up reactor have
been solved. The larger the area of the electrodes, the more COz is connected to CO during the
process. In addition, the electrolyzer can be operated under 200 bars(g) even though there are
changes in the structure in order to save the material. The new design has been sketched up and
represents the positive outcomes when it is proved and calculated clearly by the norms and
references from the former designs. However, further investigations need to be carried out to prove
the stability of the design and put it into industrial-relevant applications.

For future research work, it is necessary to simulate the motion of the gas and water flow by CFD
software in order to ensure the type of flow is stable. In addition, the way to place the new cell has
to be thought out in order to prevent the reaction from being affected. These researches are included
to demonstrate the long-term stability in use before developing the larger electrolyzer that is
applied to the renewable energy industry.
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