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ABSTRACT

Zero Emission Fuels B.V. (ZEF) is a start-up company developing a fully autonomous
methanol synthesis micro-plant that will be energy driven by solar panels. The process
implements an alkaline water electrolyzer, which supplies the methanol synthesis reactor
with hydrogen. The electrolysis system includes a small-scale stack of cells and is designed
to operate at 90 °C and the high pressure of 50 bar, with a 30% potassium hydroxide
electrolyte. The system is also self-pressurized through the continuous accumulation of
the electrolysis gases in the closed flash separation vessels. To control the process, the
company has designed a novel system that aims to maintain the gas pressure at 50 bar and
the liquid electrolyte level inside the flash separators at a fixed point.

The present work has two main objectives. The first is to characterize the transient
dynamic response of the company’s current experimental electrolysis setup under the effect
of the operating conditions and control. The second objective is to predict the level of gas
crossover that is induced during the system’s operation and evaluate the risk of explosive
mixtures formation. Two different models were developed to fulfill the research targets.

The first model is based on a 1-d transient hydraulic network analysis. Simulations
were conducted using Simulink for a current density range of 500-5000 A-m~2. The model
predicts the electrolyte flow and pressure response in the various elements and locations of
the network respectively, indicating also the oscillatory behavior induced by the operation
of the valves. A key finding is the high differential pressure between the stack anodes-
cathodes that is caused when the valves open, posing a danger for the integrity of the
separators between the half-cells.

The second model was developed in MATLAB and uses the predicted flow response
of the first model to estimate the crossovers by solving numerically the unsteady 1-d
advection-diffusion equation in the corresponding elements. The effect of the supersatu-
rated electrode boundary layer was also considered as an enhancing parameter of the mass
transport through the separators of the cells and a sensitivity analysis was conducted. The
main finding is that this parameter has an important effect, especially on the hydrogen
crossover inducing 1% higher hydrogen impurity when it is increased by a factor of 10.
The crossovers of both hydrogen and oxygen are found to gradually increase and reach
an almost stable value under the effect of the control system. A comparison of the model
with preliminary experimental data indicates a supersaturation intensity between 5 and 15
times higher than the solubility of the components. In this range, the system will safely
operate above 2000 A-m~2 without the formation of explosive mixtures.

iii






ACKNOWLEDGEMENTS

With the present work, my academic journey at TU Delft comes to an end and I would
like to express my gratitude to everyone who supported my efforts.

Firstly, I would like to thank the ZEF founding members who trusted my skills and
offered me the opportunity to be part of the team and conduct my graduation project with
them. Special thanks to Jan Van Kranendonk for being a source of inspiration during this
project and for his continuous guidance and support.

I would also like to express my gratitude to my supervisor from TU Delft, Dr.i.r J.W.
Haverkort. Your expertise and insightful feedback throughout the project helped me un-
derstand better any difficult concept, sharpen my thinking and finalize my research.

Finally, I would like to express my gratitude to my parents for their continuous and
unconditional support in every step of my life.

Ilias Daniil
Delft, January 2021






List of Figures ix
List of Tables xiii
Nomenclature xv
1 Introduction 1
1.1 Hydrogeneconomy. . . . . . . . . . . . it e e e e e e 1

1.2 ZeroEmissionFuelsB.V. . . . . . . . . ... 0000 2

1.3 Thesis objective and methodology . . . . . . . . . . . . . ... 3

1.4 Reportstructure . . . . . . . . . . . . Lo e e e e e e e e e e e 4

2 Theory 5
2.1 WaterElectrolysis. . . . . . . . . ... Lo 5

2.2 Alkaline water electrolysis basictheory. . . . . . . . . .. .. .. oo 6

2.3 Cell geometry of alkaline electrolyzers . . . . . . . . . . . . . .. ... ... 8

2.4 Gascrossover in alkaline electrolyzers . . . . . . . . . .. .. ..o 9
2.4.1 Gas crossover through the separator . . . . . . . . . .. .. .. ... 10

2.4.2 Electrolyte supersaturation at the electrodes. . . . . . . . . . . . . .. 12

2.4.3 Gas crossover through electrolyte mixing . . . . . . . . . . . .. ... 14

2.5 Previous work on crossovers and transient modeling . . . . . . . . ... ... 15

3 ZFEF electrolysis system 17
3.1 Processoverview . . . . . . .. ... .o oo s e 17

3.2 Controlsystemdescription . . . . . . . . .. ..o o000 18

3.3 Geometric characteristics . . . . . . . . . . . ... Lo o o 20

4 Modeling 23
4.1 Introduction. . . . . . . . . . . ..o e e e 23

4.2 Electrolysis system dynamic responsemodel . . . . . . . . .. .. ... L. 23
4.2.1 General information and network schematic . . . . . . . . . ... .. 23

4.2.2 Modelassumptions . . . . . . . .. ... o0 e 25

4.2.3 Mathematicalmodel . . . . . . . . .. ..o oL 25

424 Usedsoftware. . . . . . . . . . . ... Lo 29

43 Crossoversmodel. . . . . . . ..o L oL oL Lo 30
4.3.1 Generalinformation. . . . . . . . . .. ..o Lo 30

4.3.2 Modelassumptions . . . . . . . .. ... o e e 30

4.3.3 Numericalschemes . . . . . . . . . .. ..o oL 31

4.3.4 Elementinterface conditions. . . . . . . . . .. ..o 32

4.3.5 CSTRequations. . . . . . . . . . . . . . o o i o e 35

4.4 Physical properties . . . . . . . .. L oL Lo 37

CONTENTS

vii



viii CONTENTS

5 Results and discussion 39
5.1 Introduction. . . . . . . . . . . . L e e e e e 39

5.2 Electrolysis system dynamic responsemodel . . . . . . . . . .. .. oL 39
5.2.1 Initialconditions . . . . . . . . . . . . . . .. ..o 39

5.2.2 ZEFspecifications. . . . . . . . . . . . ... Lo 40

5.2.3 Different currentdensities. . . . . . . . . . . . . ... ... ... 47

5.3 Crossoversmodel. . . . . . . . . . . ... L. 47
5.3.1 Initial conditions and numerical schemes nodes number. . . . . . . . . 47

5.3.2 ZEFspecifications. . . . . . . . . . .. ..o 48

5.3.3 Crossoversbreakdown. . . . . . . . . . . .. ... ..., 51

5.3.4 Different currentdensities. . . . . . . . . . . . . . ... ... .. 57

5.4 Summary and discussiononthemodels . . . . . . . . ... ... .. 58

5.5 Comparison with preliminary experimentaldata . . . . . . . . . . . . . ... 59

6 Conclusions 63
6.1 Electrolysis system dynamicresponse . . . . . . . . . . . . . ... 0. 63

6.2 CIOSSOVEIS. . . v v v v v e e e e e e e e e e e e e e e e e e e e e 64

7 Recommendations 67
7.1 Modeling . . . . . . ... e e e 67

7.2 System modifications. . . . . . . ... L. Lo 67

7.3 Experiments . . . . . . . .. L L. L Lo e e e e e e e 68
Bibliography 69
Appendices 75
A Hydraulic circuit model 77
A.1 Flash tanks equations derivation. . . . . . . . . . . . ... ... ... .. 77
A1.1 Oxygenflashtank (T1). . . . . . . . . . . . . . .. ... 78

A1.2 Hydrogenflashtank (T2) . . . . . . . . . .. .. ... .. ..... 79

A.2 Mathematical model equations . . . . . . . . . . . .. .. ... 80

A3 Simulink. . . . ... L L e e 81

B Crossovers model 83
B.1 Gas solubility in aqueous potassium hydroxide . . . . . . . . . . . . .. ... 83

B.2 Nodes number dependencestudy . . . . . . . . . . . ... ... 84

B.3 Tridiagonal matrix algorithm . . . . . . . . . . . . .. ... 86

Confidential



1.1

2.1
2.2
2.3
2.4
2.5

2.6

3.1

3.2

3.3

3.4

4.1

4.2

4.3
4.4

4.5

LIST OF FIGURES

ZEF process diagram. . . . . . . . ...

Basic electrolysis process. [42] . . .. ...
Effect of losses on cell electrical potential at different current densities. [40]
Alkaline electrolysis stack design: (a) unipolar and (b) bipolar. [44] . . ...
(a) traditional vs (b) zero-gap alkaline electrolyzer design. [11] ... ... ..
Mass transfer mechanisms of dissolved gas from the electrode: Np refers
to the mass flux of a substance D coming out from the electrode and is
separated into N that goes to the bubble-liquid interface and to Ng that
travels to the bulk of the half-cell. [59] . . .. ... ... ... ... ........
Poiseuille flow in a circular tube showing the different dispersion of a soluble
component at the front and the back side of a pulse. [8] ... ... ... ...

ZEF bunker twin schematic including the stack, flash tanks, buffers, two
electrolyte level sensors (LS1 & LS2), two pressure sensors (PS1 & PS2)
and two gas purging valves (PV1 & PV2). . .. ... ... ... . ... ..
Purging valves closed, both level sensors wet, continuous gas production
causes electrolyte movement from left side to right side, O, flash tank elec-
trolyte level starts decreasing. . . . . . ... ... ... L L oL
Left side level sensor (LS1) becomes dry, O» purging valve (PV1) opens and
releases gas to the environment, liquid electrolyte follows backward direction
moving from right to left side, O flash tank electrolyte level starts rising.
Pressure in Hy buffer exceeds 50 bar, purging valve PV2 opens, liquid moving
faster to the right side. . . . . .. .. .. .. .. . .

Hydraulic network with elements (blue squares) and nodes (yellow circles).
Elements Pa2 and Pc2 represent the stack anodes and cathodes respectively.
To reduce the model complexity, the half-cell compartments were treated as
two single pipes assuming that the flow through all the anodes and cathodes
respectively is identical. . . ... .. ... .. L
Positive direction of electrolyte flow. . . ... ... .. ... ... ........
Selected control volumes (red dashed lines) for both flash tanks. . ... ...
The presented scheme is similar to the hydraulic network in fig 4.1 with
the difference that the CSTR 1 includes T1, Pa2 and Pa3, while CSTR 2
includes T2, Pc2 and Pc3. The red arrows show the positive direction of the
flow and the blue ones indicate the mass transfer between the two CSTR
due to advection & diffusion through separators of the cells. . . . . ... ...
For both elements P1 & P2, the concentration at the edge nodes (N for P1
and 1 for P2) has the same value as the concentration inside the flash tanks.
The subscript i refers to the examined dissolved component. The red arrows
indicate the positive flow direction as presented in figure 4.4. . ... ... ..

© 0 N O

12

14

17

18

19



X LIST OF FIGURES

4.6 For both elements Pal & Pcl, the concentration at the last nodes N is set
to be equal to the component i concentration inside the half-cell compart-
ments, which is the same as the one inside the flash tanks due to the CSTR
assumption. . . . . . . . e e 33
4.7 The common node with blue color serves as the last node of element P3
and the first node for both elements P1 & Pal. When the flow splits into
two branches (a), the common node concentration was set to have the same
value as N-1 node of P3. When the flow is mixing (b), the concentration of
node 2 for both P1 & Pal was taken into account. . . . .. ... ... .. ... 34
4.8 Schematic presenting the O crossover from anode to cathode. The red arrow
indicates the positive flow direction for greater anodic absolute pressure.
The separator was split into several nodes. At time t, the first two nodes
where taken into account for the flux at the anode side of the separator,
while the last two nodes were used for the estimation of the flux at the
cathode side. . . . . . . . . . L 35
4.9 0y & Hj solubilities as function of partial pressure above the liquid. . . . . . 37

5.1 Overview of (a) Oy and (b) H pressure response in the corresponding flash
tanks for a simulation duration of 3600 s. . ... ... .. ... .. ... ... 40
5.2 Pressure drop and oscillatory behavior caused by the simultaneous valve
opening during the main operating state of the system in (a) O2 and (b) Ha
flash tanks. . . . . . . L 41
5.3 Pressure drop caused by the electrolyte level control valve (PV1) in (a) O2
flash tank and (b) H flash tank during the system startup at different times. 41
5.4 Overview of the differential pressure between the anodes and cathodes of

the stack in the whole simulation time range. . . . ... ... ... ... .... 42
5.5 Overview of electrolyte level response in (a) Oz and (b) Hp flash tanks. . .. 43
5.6 Electrolyte level response caused by the Oz flash tank valve opening during

the system startup. . . . . ... ... 44
5.7 Electrolyte level response by both valves simultaneous operation during the

normal operating state. . . . . .. ... 44
5.8 Electrolyte flow in the network during the main operating state when the

valves are closed and fluctuations caused by oscillations are damped. . ... 45

5.9 Mass flow rates through the elements that are branched in (a) node 4 and
(b) node 3 as caused by the Oy flash tank valve opening during the system
startup. The negative values indicate an opposite flow direction from that
illustrated in figure 4.2.. . . . . . . .. 46
5.10 Mass flow rates through the elements that are branched in (a) node 4 and
(b) node 3 as caused by the simultaneous valve opening during the main
operating state of the system. The negative values indicate the opposite

flow direction from that presented in figure 4.2. . . . . . ... ... ... .... 46
5.11 Gas and liquid Hp content in the O, side (flash tank + half-cells) during the

whole simulating period and without electrolyte supersaturation. . . . .. .. 49
5.12 Gas and liquid Oy content in the H side (flash tank + half-cells) during the

whole simulating period and without electrolyte supersaturation. . . . .. .. 49
5.13 Gaseous Hp content in the Oy side during the whole simulating period and

as a function of supersaturation (SF varies between 1 and 50). . .. ... .. 50
5.14 Gaseous Oy content in the Hy side during the whole simulating period and

as a function of supersaturation (SF varies between 1 and 50). . .. ... .. 51

Confidential



LIST OF FIGURES

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

5.24

5.25

5.26

Al

A2

B.1

B.2

B.3

B.4

Total Hy molar flow rate that enters the Oy side (CSTR 1) through the
separators of the cells due to convection and diffusion. . .. ... ... .. ..
Total Op molar flow rate that enters the Hp (CSTR 2) side through the
separators of the cells due to convection and diffusion. . . ... ........
Total Hy molar flow rate that enters the Oy side (CSTR 1) through elements
Pland Pal. . ... . .. e
Total Oz molar flow rate that enters the Hy side (CSTR 2) through elements
P2and Pcl.. . . .. o
Molar flow rates caused by a simultaneous valve operation during the main
operating state. (a) depicts the Oy flow rate that enters the Hp side (CSTR
2) through elements P2 and Pcl, while (b) depicts the flow rate of Hy en-
tering the O side (CSTR 1) through P1 and Pal. . .. ... ... .......
Induced velocity profile through the mixing line (element P3) by a simulta-
neous valve opening. . .. . ... L
Spatial concentration profiles of (a) Oz and (b) Hp in the mixing line (P3)
at the time points marked in figure 5.20. . . ... ... ... Lo 000
Gaseous Hy content in the Oy tank as a function of current density and for
supersaturation factor SF=10. The lower explosive limit of 5.3 mol% Ho
and the safety limit are also visible. . . . ... ... ... ... .. ... .....
Gaseous 0, content in the Hy tank as a function of current density and for
supersaturation factor SF=10. . .. ... .. .. .. ... ... ... .. . . ...
A comparison of the gas pressure in the Hp tank between the model (red
line) and the experimental setup (blue line). . . . ... ... ... .. ......
A closer view of the H» tank pressure drop profile caused by the operation
of the valves as measured in the experiment (a) and predicted by the model

(a) Oz flash tank with liquid electrolyte deforming control volume and (b)
control volume free body diagram showing pressures on the surfaces.. . . . .
(a) Hp flash tank with liquid electrolyte deforming control volume and (b)
control volume free body diagram showing pressures on the surfaces.. . . . .

Pipe nodes number effect on gas H» content in the O, side early in the startup
(left graph) and during the main operation (right graph). The separator
number of nodes was kept fixed to 50.. . . . . ... ... L L.
Pipe nodes number effect on gas Oy content in the Hy side early in the startup
(left graph) and during the main operation (right graph). The separator
number of nodes was kept fixed to 50.. . . . . ... Lo oL
Separator nodes number effect on gas Hy content in the Oy side early in the
startup (left graph) and during the main operation (right graph). The pipe
number of nodes was set to 300 as resulted from the previous analysis.
Separator nodes number effect on gas Oy content in the Hp side early in the
startup (left graph) and during the main operation (right graph). The pipe
number of nodes was set to 300 as resulted from the previous analysis.

55

57

85

86

Confidential






1.1
3.1
3.2
3.3
4.1
4.2
4.3
4.4
4.5
4.6
4.7
5.1
5.2

5.3
5.4

5.5

5.6

5.7

Al

B.1

B.2

LIST OF TABLES

ZEF electrolysis system specifications. . . ... ... .. ... ... .. ... 3
Dimensions of flash tanks and buffers.. . . . .. ... ... .. ... ... ..., 20
Electrolysis cells data. . . ... ... ... ... . . ... ... . 20
Purging valves and sensors data. . . . ... ... ... Lo Lo L. 21
Pipe length and diameter. . . . .. ... ... . L L L L L o 24
Nodes height. . . . . . . . 24
Density and dynamic viscosity of 30% KOH electrolyte. . . . . . ... ..... 37
0> and Hy mass diffusivities in 30% KOH electrolyte. . . . ... ... ..... 37
Oy and Hy Henry constant in 30% KOH electrolyte. . . ... .......... 38
0, and H, parameters used in Peng Robinson EOS. . . .. ... ... ... .. 38
Zirfon Perl separator properties. . . . . .. .. ... L L o L 38

Electrolysis system dynamic response model initial conditions. The initial

velocity u was set to be zero for all the network elements. . . ... ...... 39
Effect of current density on the produced gases mass flow rate and system’s
startup duration. . . . .. ... e 47
CSTR component concentrations initial values for the crossovers model. . . 48
Results of the average stabilized gases content in the opposite side tank for
increasing supersaturation factor (SF). . . ... ... ... .. ... . ... .. 51

Effective diffusivity of Hp and Oz in Zirfon Perl separators and Péclet number
for the maximum and minimum pressure gradients between the half-cell

compartments. . . . ... L L e 53
Crossovers model pressure in Oy and Hj flash tank compared to the hydraulic
circuit model pressures. . . . ... ... 59
Predicted gases content in the opposite side tank for increasing supersatu-
ration factor (SF). . . . . . ... 61

Mass and momentum conservation equations for the corresponding elements
and nodes as presented in figure 4.1. . . .. ... Lo L L Lo L L. 80

Sechenov constants for O» and Hp. These values are valid for KOH mass

fractions from 5.4 wt% to 39.8 wt% [20]. . . . ... ... ... L. 83
Parameters A-E used in eq. B.2 to estimate the Henry constant in pure water. 84

xiii






NOMENCLATURE

Abbreviations

AWE  Alkaline Water Electrolysis
CSTR Continuous Stirred Tank Reactor
DC Direct Current

FDM Finite Difference Method
LEL Lower Explosion Limit

LHS  Left Hand Side

PEM  Proton Exchange Membrane
RHS  Right Hand Side

SOE  Solid Oxide Electrolysis
UEL  Upper Explosion Limit

ZEF  Zero Emission Fuels

Physical Constants

F Faraday constant: 96485.33 C-mol™!
g gravitational acceleration: 9.81 m-s~2
Rg Universal gas constant: 8.314 J-mol™!.K™!

Dimensionless numbers
Pe Péclet

Re Reynolds

Sh Sherwood

Sc Schmidt

Greek Symbols

A Change in [-]

€ Porosity [-]

£ro Roughness [m)]

n Overpotential [V]



XVi NOMENCLATURE
AD Linear friction coefficient [-]
AL Local friction coefficient [-]
u Dynamic viscosity [Pa-s]

v Stoichiometric coefficient [-]
VI, Kinematic viscosity [m2-s™1]
p Density [kg-m™3]

o Surface tension [N-m™!]

T Tortuosity [-]

Tw Shear stress [Pa]

) Acentric factor [-]

Roman Symbols

A

a

S T o

~

Area [m?|

Acceleration [m-s~2|

Concentration [mol-m~3]
Solubility [mol-m™3]
Diffusivity [m?-s7!]
Diameter [m]

Gas evolution efficiency [-]
Force [N]

Enthalpy [kJ-mol™!]
Height [m]

Current [A]

Current density [A-m~2]

Permeability [m?]

Dimensionless Henry constant [-|

Henry constant [mol-m~3-bar™!]

Henry constant [bar]

Mass transfer coefficient [m-s™1]

Sechenov constant [-]

Confidential



NOMENCLATURE xvii

ky Valve flow coefficient [Nm3-h~1]
L Length [m]

h Mass flow rate [kg-s™!]

N Molar flow rate [mol-s™!]

n Molar flux [mol-s~!-m™2]

P Pressure [Pa or bar]

Partial pressure [Pa or bar|
Q Volumetric flow rate [m3-s71]

Resistance [Q]

r Radius [m]
S Entropy [KJ-kg™!-K™1]
SF Supersaturation factor [-]

SG Specific gravity [-]

T Temperature [K]

t Time [s]

U Electric potential or voltage [V]
u Velocity [m-s™1]

1% Volume [m?]

v Molar volume [m?-mol™!|

w Mass fraction [%)]

¥ Tank liquid height [m]

¥ Tank liquid velocity [m-s~!]

j Tank liquid acceleration [m-s~2]
z Number of transferred electrons [-]
G Gibbs free energy [kJ-mol™!]
Subscripts

an anode

br break-off

c critical

Confidential



xviii NOMENCLATURE

ca cathode

conv convective

diff diffusive

e electrode

eb electrode micro-convection
ec electrode macro-convection
eff effective

g gas

gen generated

1 liquid

oc open circuit

p pipe

pa pipe anode

pc pipe cathode

rev reversible

sat saturation

sep separator

t tank

tn thermoneutral

Chemical

CH30OH Methanol

COy Carbon dioxide

H» Hydrogen

H>,O Water

KOH  Potassium hydroxide
NaOH Sodium hydroxide
0, Oxygen

OH Hydroxide

Confidential



INTRODUCTION

1.1. HYDROGEN ECONOMY

After the industrial revolution in the 18t century, the global economy experienced rapid
changes and became strongly based on industry and machine manufacturing. The develop-
ment in many sectors improved the living standards and the world population is increasing
year after year, resulting in growing energy demand. It is estimated that in 2050, around 9
billion people will consume 30 TW of energy, while half of this amount was consumed by 7
billion people in 2011 [14]. Most of the energy produced today comes from the utilization
of fossil fuels that are responsible for large greenhouse gas emissions and contribute to
the crucial phenomenon of global warming [24]. The environmental concern along with
the gradual depletion of fossil fuel sources have shifted the interest to alternative and
sustainable solutions.

Hydrogen is the most abundant substance in the universe. It was initially observed at
the beginning of the 16th century by the Swiss physician Paracelsus during an experiment
when he added iron into sulfuric acid and noticed that the produced gas in bubble form was
ignitable. However, the official detection of hydrogen is attributed to the English scientist
Henry Cavendish in 1766, when he carried out similar experiments and recognized that the
byproduct bubbles from the reaction of zinc with hydrochloric acid were a distinct element.
He also proved that by burning these bubbles, water was produced and put an end to the
belief that water was a distinct substance. Later in 1788, using the work of Cavendish, the
French chemist Antoine Lavoisier named the new element hydrogen [64].

Considering the need to build an environmentally friendly future with less dependence
on fossil fuels, hydrogen is evaluated as an effective energy bearer that can be utilized to
replace fossil fuels in many industrial processes. According to literature [29], the main ap-
plications today that require hydrogen are oil refining and ammonia production, with 70Mt
of pure hydrogen demand, while around 45 Mt are used in the fuel production (methanol,
syngas) and iron industries. Despite the abundance of hydrogen in the universe, it does not
exist in pure form on earth but as a component in chemical compounds [14]. Thus, what
is also important in the ‘green’ transition is the method of hydrogen production and its
environmental footprint. Today, half of the global hydrogen needs are covered from natural
gas reforming and around 30 % from oil reforming [18], processes that are responsible for
greenhouse gas emissions. However, hydrogen can be produced in a sustainable way via
the water electrolysis process driven by renewable energy sources [5]. Such technology is
applied by Zero Emission Fuels as a subsystem in an innovative power to gas project.



2 1. INTRODUCTION

1.2. ZERO EMISSION FUELS B.V.

Zero Emission Fuels B.V. (ZEF) is a startup company in the Netherlands developing a
methanol production micro-plant that can be adapted directly at the backside of a sin-
gle solar panel. The company’s vision is that big solar farms with a large number of
micro-plants will be developed instead of having a single methanol synthesis plant. The
advantages of this strategy are less complexity of the system, dynamic operation and po-
tential for mass production of micro-plants, which will result in lower capital costs [4].
Figure 1.1 depicts a simplified process diagram of the micro-plant.

co,

Air Direct Air Capture

Compression
subsystem H20

subsystem

Methanol Synhesis
subsystem
I
Alkaline Electrlysis
subsystem

CH30H + H,0

A

Distillation CH3;0H
subsystem >

The process starts with the direct air capture subsystem. It is used to capture carbon
dioxide and moisture (water) from the atmospheric air. Then, both components are driven
to the compressors, where the pressure is increased to 50 bar (this pressure is preferred
to enhance the kinetics of the methanol synthesis reaction). The compressed water is
then guided to the alkaline electrolysis unit while the carbon dioxide is supplied to the
reactor. The electrolysis unit consists of three smaller subsystems: a degasser that is using
the produced oxygen to ‘clean’ the water stream from any residual carbon dioxide, the
electrolyzer (known also as ‘stack’) that is splitting water into hydrogen and oxygen and
two flash separators that separate the produced gases from the alkaline solution. The
produced hydrogen along with carbon dioxide are fed to the methanol synthesis reactor
where a mixture of methanol and water is produced. The final stage of the process is a
distillation subsystem where methanol is separated from water with high purity. All the
energy needs of the micro-plant are covered with electricity supplied by the solar panel.

Figure 1.1: ZEF process diagram.

ZEF electrolysis system specifications:

The alkaline electrolysis unit of ZEF is a core part of the micro-plant as it supplies
the reactor with hydrogen, one of the two components needed to produce methanol. The
system’s specifications are summarized in table 1.1.

The electrolyzer is a stack of 18 cells designed and compressed in a way to ensure
that it can withstand the high pressure of 50 bar and remain leak-tight during operation.
Regarding the cells, a zero-gap bipolar configuration is selected, meaning that the sepa-
rators and electrodes are in contact reducing the ohmic losses caused by the electrolyte
resistance. Furthermore, a Zirfon Perl UTP 500 membrane with 0.5 mm thickness is ap-
plied to separate the oxygen and hydrogen evolution cell compartments. As it is reported
in the manufacturer data sheet [1], this product offers high chemical stability, low ionic
resistance and can withstand strong alkaline solutions and high temperatures resulting in
an enhanced electrolysis performance.
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1.3. THESIS OBJECTIVE AND METHODOLOGY 3

Table 1.1: ZEF electrolysis system specifications.

Operating pressure 50 bar
Operating temperature 90 °C
Operating cell potential 2 A%

Operating current density 3330 A-m~2
Cell geometry Zero-gap -
Cell net area 63.36 cm?
Electrolyte concentration 30 %owt
Cell separator type Zirfon Perl UTP 500 -
Number of cells 18 -

The high normal operating pressure of 50 bar is an important parameter that affects
the whole electrolysis system and its safety. To keep the pressure variation at a fixed
level and also ensure that the flash tanks will not dry out of electrolyte, the company
has implemented a novel system with liquid level sensors, pressure sensors and purging
valves, which is illustrated and analytically described in chapter 3. In typical industrial
electrolyzers, a pump is used for the electrolyte circulation. However, the ZEF system does
not include a pump and the flow is naturally induced due to the convection effect caused
by the bubble evolution and also due to the gas pressure variations inside the flash tanks
(caused by the gas accumulation and purging valves operation).

1.3. THESIS OBJECTIVE AND METHODOLOGY

A crucial phenomenon that is related to the safe operation of AWE systems is the level of
gas crossover, meaning the quantity of a produced gas that can cross permeate and mix
with the opposite side gas, posing a risk of falling into the explosive limits. The evolving
gases can crossover to the opposite side in dissolved form through the separators of the
cells and electrolyte flow inside the piping network, especially in the ZEF case where a
mixing electrolyte cycling strategy is adopted.

With the implemented control strategy, ZEF argues that the phenomenon of crossover
can be limited since the regular operation of the valves would also purge some of the
opposite side accumulated gas, tending to stabilize its quantity during the normal operation
in a minute or hour time scale, depending on the operational conditions. The level of gas
crossover and how is affected by operational and control parameters of the system is the
main target to be evaluated in this thesis. Except for this phenomenon, the effect of the
valve operation on the electrolyte flow and possible risks will be examined.

Consequently, the graduation project is divided into two main tasks. The first one
focuses on characterizing the transient dynamic behavior of the AWE system under the
effect of the relevant physical phenomena and the control system response. This scope
is served by a transient hydraulic network model that simulates the operation during the
startup (pressure increase till 50 bar) and part of the main operating window (pressure
maintained at 50 bar) until the system presents a stable behavior. The model predicts
the flow velocity in the different elements (pipes, half-cells, flash tanks), the pressure in
relevant points, estimates the electrolyte level and gas density in the flash tanks and gives
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an insight on the oscillating phenomena that can occur by the opening of the valves. The
second task focuses on the gas crossover prediction. Using the computed hydraulic network
parameters from the first model (pipe velocities, pressure difference between half-cells and
valve response), transient mass transfer equations (using appropriate numerical schemes)
are solved to evaluate the level of dissolved components ending up to the opposite side
tank.

Taking into consideration the aforementioned targets, the following research questions
have been developed:

1. What is the dynamic response of the ZEF electrolysis system in a time frame includ-
ing the pressure build-up period and part of the main operating state?

2. Does the valve opening pose risks affecting the integrity of the system?

3. What is the level of crossover induced by the operating and controlling parameters?
Is the company’s hypothesis about the limited crossover effect fulfilled?

4. How are the dynamic response and crossovers affected if the system operates at
different current densities?

1.4. REPORT STRUCTURE

This thesis report is divided into 7 main chapters. Chapter 1 was the introduction part of
the thesis, where general information about the company and project were given and also
the research questions and methodology were stated. The following chapters are structured
as mentioned below:

e Chapter 2 includes general theoretical knowledge about alkaline water electrolysis,
describes the way that dissolved gases can crossover to the opposite side and analyzes
the physical mechanisms that affect the phenomenon. Moreover, relevant previous
work done in transient modeling and crossovers is illustrated.

e Chapter 3 presents an overview of the ZEF system that was modeled, describes how
the control system operates and includes geometrical and operational parameters
that were used in the models.

e Chapter 4 provides an analytical description of the developed models, including
the assumptions made, the governing equations and some information on the used
software.

e Chapter 5 provides and analyzes the results of the project. A comparison with
preliminary experimental data is also conducted.

e Chapter 6 summarizes the main conclusions of the research.

e Chapter 7 includes recommendations for improvements, extension of the current
work and advice for possible system modifications and upgrades based on the results.
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THEORY

2.1. WATER ELECTROLYSIS

Electrolysis is a chemical process used to divide water molecules into oxygen and hydro-
gen by applying electric current according to the following reaction, which is global and
independent from the selected method.

1
HzO(l)—>H2(g)+502(g) 2.1)

A typical water electrolysis system consists of two metallic electrodes soaked inside an
electrolyte solution. The electrodes are connected to a DC power source and after a cer-
tain value of the supplied potential, oxygen is produced at the positively charged electrode
(anode), while hydrogen is formed at the negatively charged electrode (cathode). Fur-
thermore, the two sides are usually separated with a diaphragm (membrane). The role of
this separator is to prevent the mixing of the evolving gases in bubble form while being
permeable to ions and water molecules [44]. A simple schematic of the basic electrolysis
process is presented in figure 2.1.

DC Power

P~ |

O, Receiver ¢ > H; Receiver

T +

o | =

= 0 : H | 5

= i 2 <

£ =

= 8} !

= H L]
OH | H*

Diaphragm —)

Figure 2.1: Basic electrolysis process. [42]
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Today, three main water electrolysis techniques have been developed: alkaline water
electrolysis (AWE), proton exchange membrane (PEM) electrolysis and solid oxide elec-
trolysis (SOE). AWE is the oldest and most mature technology and together with PEM
are commercially available, while SOE electrolyzers are promising but not widely used [12].
Alkaline electrolyzers will be discussed in the following section, as this is the technology
adopted by ZEF to produce hydrogen.

2.2. ALKALINE WATER ELECTROLYSIS BASIC THEORY

Alkaline electrolyzers are widely used in industry. Their operation follows the same prin-
ciple of a typical electrolysis system. The electrodes are usually made from Nickel based
alloys that offer high activity and low cost [51]. As for the electrolyte, the most common
selection is an aqueous potassium hydroxide (KOH) solution with 25 — 30 %wt concentra-
tion, which is not corrosive for the electrodes and provides high ionic conductivity [63].
The hydrogen production occurs at the cathode of a single cell (reduction reaction), where
the electrons split water into hydrogen and hydroxide anions, while the oxygen evolution
(oxidation reaction) happens at the anode, where the hydroxide anions recombine after
passing through the separator to form oxygen and water. The chemical reactions that
describe the gases evolution in the alkaline electrolyzer cells are the following:

Cathode:2H>0+2e” — H»+20H™ (2.2)

1
Anode:20H™ — 502+H20+2€_ (2.3)

From a thermodynamics perspective, the split of water into oxygen and hydrogen is an
endothermic process that requires energy in the form of electricity or heat in order to start
and be maintained. This minimum energy barrier for water decomposition is given by the
Gibbs free energy equation:

AG°=AH®-T-AS° (2.4)

where G° is the standard Gibbs free energy, H? is the water energy of formation, T is the
temperature and S is the ideal gas entropy. At standard conditions (T =298.15 K and
P =1.01325 bar) the Gibbs free energy of water is -237.23 kJ-mol~! (AH? =-285.83 kJ-mol~!,
AS° =-0.163 kJ~m01_1~K_1). The standard reversible cell potential of water electrolysis is
estimated using the change of Gibbs standard free energy with the following formula:

AG°=-z-U°-F (2.5)

where z is the number of electrons transferred per hydrogen molecule (z=2) and F is the
Faraday constant. Therefore, the reversible cell potential at standard conditions is 1.23
V. Furthermore, an additional amount of heat has to be provided to maintain a constant
temperature. This heat is equivalent to 0.25 V and thus, the minimum supplied voltage to
maintain isothermal conditions in the cell is 1.48 V and is called thermoneutral potential
[43]. If the supplied electrical potential is above the thermoneutral, the reaction becomes
exothermic resulting in energy production in the form of heat at the electrodes with the
restriction that the temperature of the cell does not change [65].

From the aforementioned theory, it is clear that the electrolysis process can occur with
a supplied electrical potential equal to the thermoneutral. However, in a real system, there
are sources of irreversibilities resulting in slow reactions. To overcome these barriers and
enhance the kinetics, an additional electrical potential over the thermoneutral should be
applied. This overpotential is an aggregation of the following contributions [63]:
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2.2. ALKALINE WATER ELECTROLYSIS BASIC THEORY 7

i Activation energy of the reactions at the two electrodes (anode and cathode).
ii Losses caused by bubbles covering the electrodes, which enhance the activation losses.
iii Losses by the resistance of the electrolyte.
iv Losses by the resistance of the separator.
v Losses caused by electrical connections.

The losses mentioned at ii, iii, iv and v are usually referred as ohmic losses. Therefore, the
actual voltage of an electrolysis cell is described by the following equation:

Ucell = Uoc +Man +7ca + Reell - J - Acell (2.6)

where Uy is the open circuit potential, an, 7ca are the anode and cathode overpotentials,
Rcen is the total cell ohmic resistance, j is the supplied current density and Agg is the
net cell electrolysis area. Figure 2.2 depicts how the current density affects the various
losses of an electrolyzer operating at environmental temperature. The anode overpotential
is generally higher than cathode overpotential, while the ohmic losses become dominant at
high current densities with a greater increase [40].

25

== Overpotential at the Cathode

0 === Overpotential atthe Anode
>
~1.5}
% Ohmic Losses due to Cell
aQ .
= i === Design, Electrolyte
S Ohmic Losses, IRcer Conductivity, Membrane
5 1f
o
. i __ laws of Nature,
051 Reversible Cell Potential, Ege, = 1.23V Temperature

0 50 100 150 200 250 300 350 400 450 500
Current Density (mNcmz)

Figure 2.2: Effect of losses on cell electrical potential at different current densities. [40]

Two other factors that affect the total cell voltage are the operating temperature and
pressure. Several semi-empirical models have been developed in order to estimate these
effects. Ulleberg [66] investigated the temperature effect and proved that the total cell
voltage decreases at higher temperatures. Sanchez et al [52] updated Ulleberg’s model to
take into consideration the operating pressure and observed that the total cell voltage does
not change significantly at higher pressures and is slightly increased.

The theoretical molar fluxes of the produced gases in an alkaline electrolysis cell can
be calculated using the law of Faraday as [6]:

Anode:

V?)r; “J - Acell

no, = ——— 2.7)
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Cathode:

Vca ] A
. H, cell
nyg,=——"— 2.8
B z-F 8)
2.3. CELL GEOMETRY OF ALKALINE ELECTROLYZERS
Regarding the cell configuration of alkaline electrolyzers, traditionally the cells are assem-
bled in a way forming a stack. There are two different designs that are used to form
electrolysis stacks.

a) unipolar 0, + electrolyte b) bipolar
@ N L - I I 1l ] H; + electrolyte
el Bl ] BRI RN kd ®© ‘unmwnnu\ -
YTYDYD DYDY e[ —[+ =
i [ | | e [ | [ @iy ipiririre
A RN RN RN
i 1HHAE [TTT LTI s

M = membrane B = bipole

Figure 2.3: Alkaline electrolysis stack design: (a) unipolar and (b) bipolar. [44]

UNIPOLAR (OR MONOPOLAR) DESIGN:

In electrolyzers with unipolar configuration, the different cells are connected in parallel so
that each cell has the same voltage as the whole stack, while the sum of individual cell’s
current is equal to the total stack current. More specifically, all the positive and negatively
charged electrodes are interconnected with the DC source, while porous membranes are
used to separate them. Moreover, the same chemical reactions occur at both sides of each
electrode [44]. The unipolar configuration has some advantages over the bipolar regarding
the manufacturing procedure. It is less complex during fabrication and assembly with low
upkeeping needs. Furthermore, monopolar electrolyzers have little current losses (leaking
currents) [35]. However, the main drawback of the unipolar configuration is that low
voltage operation requires more transformation [63].

BIPOLAR DESIGN:

In bipolar electrolyzers, the cells are connected in series. This is the opposite state from the
unipolar configuration due to all cells have the same current, while the sum of their voltages
is equal to the total voltage supplied to the stack. Furthermore, different reactions take
place at each side of an electrode in a way that one side has the role of the cathode, while
the opposite side serves as the anode of the following cell. As for the interconnections, only
two electrodes (these at the edges) are directly connected to the DC source, while electricity
is transferred through the cells via metal ‘bipolar’ plates that are used for the separation
of the cells. Bipolar electrolyzers have also porous membranes to separate the reaction
chambers [44]. Compared to unipolar electrolyzers, the bipolar require a more complex
design as there is a possibility of gas, ions and current leaking between the adjoining cells
[63].
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2.4. GAS CROSSOVER IN ALKALINE ELECTROLYZERS 9

Another geometrical aspect that is taken into consideration is the gap between the
electrodes and the separator. Generally, the cells of many commercial alkaline electrolyzers
have a layout consisting of two solid electrodes placed at a distance from the separator,
while the gap between them is filled with electrolyte. As mentioned in section 2.2, the
electrolyte contributes to ohmic losses and consequently, this electrolyte filled gap increases
the ohmic resistance of the cells [40]. An alternative cell design, named zero-gap, includes
two porous electrodes that are in contact with the cell membrane in a way that their
distance is equal to the separator thickness. The electrodes have a porous structure to let
the electrolyte pass through. In traditional alkaline electrolyzers, the electrode distance
is usually greater than 2 mm [40], while for the zero-gap setup and Zirfon Perl separator,
it is reduced to 0.5 mm [45]. The combination of porous electrodes with the zero-gap
contributes also to the decrease of losses caused by electrode bubble coverage [40].

(a) conventional (b) zero-gap

cathode anode

II_II_IIIfPI_III_IIIII
'uuuuéuum

Ha| [0a

separator

02

anode

@

cathode

©

—
electrode distance

Figure 2.4: (a) traditional vs (b) zero-gap alkaline electrolyzer design. [11]

2.4. GAS CROSSOVER IN ALKALINE ELECTROLYZERS

In a perfect electrolysis system, the produced gases would be released with 100% purity.
However, this does not happen in reality as cross-contamination of oxygen into hydrogen
and vice versa is being observed. This phenomenon, called ‘gas crossover’, is affected by
several parameters such as the operating conditions (temperature/pressure), the properties
of cell separators and the electrolyte cycling strategy.

During normal operation, it is important to monitor the purity of the evolving gases at
the collecting reservoirs to ensure that the gas mixtures remain out of the explosive limits,
determine the shutdown conditions and thus bear out the safe operation [26]. Schroder et
al [47] performed experiments to estimate the Hy /O mixtures explosive limits at both low
and high temperatures and pressures. According to their findings, for 80 °C and 50 bar
operating conditions (relevant for ZEF system), the LEL and UEL are 5.3 mol% H and
95 mol% Hy respectively.

The gas crossover can be categorized according to the way it is happening and the
involved physical mechanisms. Regarding the way, the produced gases can crossover in
a dissolved form inside the electrolyte either through the cell separators or through the
mixing electrolyte cycles. The electrolyte mixing is a common method followed to maintain
a balance of the electrolyte concentration between the anodes/cathodes. More specifically,
water consumption in the cathodes (eq 2.2) causes local concentration differences and
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thus there is a point in the system where the electrolyte cycles are mixed. Furthermore,
extra water is added in order to replenish the consumed quantity [22]. Two main physical
mechanisms trigger the gas crossover in an alkaline electrolyzer [58]:

e Mass diffusion caused by concentration differences of the dissolved gases.

e Mass convection due to pressure gradients along the flow and electro-osmosis.

In the following subsections, the effect of the aforementioned mechanisms on the gas
crossover through cell separators and electrolyte mixing will be further explained.

2.4.1. GAS CROSSOVER THROUGH THE SEPARATOR

In an alkaline electrolysis cell, the anodic and cathodic compartments include O, and H»
in bubble form (gas phase) and also dissolved inside the electrolyte with a concentration
equal to their solubility or slightly supersaturated [27]. The separator is placed between
the half-cell compartments to block the mixing of the evolving components. However,
because of its porous structure, it is possible that the dissolved gases can permeate. Trinke
et al [58] studied the crossovers in PEM and alkaline electrolyzers and reported that the
dissolved gas permeation is been triggered by concentration difference across the separator
(mass diffusion), differential pressure of anode/cathode (mass convection) and also through
a phenomenon called electro-osmotic drag (considered in mass convection mechanism).

A. MASS DIFFUSION:

Mass diffusion can be estimated using Fick’s laws [45]. Under the assumption of steady-
state, when the concentration gradient of dissolved gases is constant across the separator
and there is not pressure difference between the half-cell compartments (meaning no flow),
molar flux is calculated using the below formula (Fick’s first law of diffusion):

i dc; Cica—Ci
pdiff - _peff, 71 _ _ peff Zhca Tian 2.9)
i I ox i Lsep

where i refers to the examined component, D?ff is the effective diffusivity of i in the
separator, Lsep is the thickness of separator, while c; ¢, and c;an are the concentrations
of i in the cathode and anode respectively (if the component is moving from anode to
cathode). For transient problems, the second law of Fick, which describes the rate of
concentration accumulation inside the separator as proportional to the local curvature of
concentration gradient, is used: )

0ci _ o eff 07¢Ci

Tl D;™- 2 (2.10)
The effective diffusivity is a property based on the diffusion coefficient of the examined
component in the electrolyte, modified in a way that the geometrical structure of the
separator is taken into account [21]:

&€
D¢t =p;. - (2.11)
T

where ¢ is the porosity of the separator and 7 the tortuosity. Data for the porosity are
usually provided by the manufacturers (i.e. for Zirfon Perl UTP 500 used by ZEF the
porosity is 0.5), while for the tortuosity, no experimental data where found in literature.
However, Haug et al [22] combined data from the work of Schalenbach et al [45] and
estimated a value of 3.14. Another option to calculate the tortuosity of the separator is to
use the model proposed by Bruggeman [57]. He assumed that the mass transport barriers
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2.4. GAS CROSSOVER IN ALKALINE ELECTROLYZERS 11

through a porous material have the form of spheres or cylinders and derived a correlation
that estimates the tortuosity by using the porosity of the material:

_ J&795, spheres

- {8*1, cylinders (2.12)
B. MASS CONVECTION OR ADVECTION:

Mass convection is a second physical mechanism that is responsible for gas crossover
through the separator. In general, the steady-state and transient advection equations
are listed below:

P =u-¢; (2.13)
9 40,9 _ 2.14)
ot 0x

where u is the velocity of electrolyte moving perpendicular through the separator. Ac-
cording to [58], two possible mechanisms that can cause advective mass movement through
the separator are the differential pressure between the anode/cathode of a cell and the
electro-osmotic drag.

Anode/cathode differential pressure:

During the operation of an alkaline electrolyzer, the control valves that are used to
maintain a pressure balance in the system may cause pressure gradients between the cell an-
odes/cathodes, which force the electrolyte and thus dissolved species to permeate through
the separator. By knowing the pressure difference, it is possible to estimate the electrolyte
velocity through the separator using the Darcy equation [45], [58]:

. Ksep - Asep AP

(2.15)
< i+ Lsep

where Q is the volumetric flow rate, Ksep is the permeability of the separator, Asep is the
cross section area of the separator, Lgep is the thickness of the separator, u is the dynamic
viscosity of the electrolyte and AP is the absolute pressure difference between the anode
and cathode. The permeability of the separator can be calculated using Kozeny equation
[39]:
€ dlz)ore

32-1

Ksep = (2.16)

where dpore is the pore diameter.

Using equation 2.15, the advective velocity is equal to the product of volumetric flow

rate and cross section area. Consequently, the unsteady advection equation 2.14 becomes:
9¢i | Ksep AP 0c; _, 2.17)
ot p-Lsep Ox

Electro-osmotic drag and flow:

Convective mass transfer of dissolved gases through the separator can also be triggered
by the phenomenon called electro-osmotic drag. More specifically, during the operation of
an alkaline electrolyzer, the applied electric field causes the movement of OH™ ions through
the separator from cathodes to anodes. It is possible that solvent and thus dissolved gases
can be dragged with the ions through the separator and be driven to the opposite side of the
cell [62]. Thus, electro-osmotic drag may enhance Hp crossover and reduce that of Oy [58].
In literature, there are only a few experimental works that would provide insight into the
importance of this mechanism in alkaline electrolysis systems (with Zirfon Perl separators).
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Trinke et al [58] report in their research that the influence of electro-osmotic-drag crossover
in AWE can be considered low and may be enhanced in high current densities. However, in
recent research conducted by Haverkort [23], a behavior opposing the transport of OH™ ions
to the anodes was observed. More specifically, for high KOH concentration (5.7 M), it was
found that an electro-osmotic flow from anode to cathode dominates over the drag force.
This would cause an enhanced O, crossover to the cathode side. This project focuses on
diffusive and pressure driven convective mechanisms and so electro-osmosis was neglected.

2.4.2. ELECTROLYTE SUPERSATURATION AT THE ELECTRODES

The local supersaturation phenomenon at the electrodes boundary layer is an important
parameter for the gas evolution that can also enhance the crossover through the cell sep-
arator, especially in the case of zero-gap design, where the electrodes are in contact with
the separator [21]. In general, it is reported [19] that the evolving species are firstly com-
posed in dissolved form inside a boundary layer close to the electrodes before the bubble
formation. The bubble growth takes place at the nucleation sites on the electrodes, which
are surface irregularities and in order to become active, a supersaturation of species in the
electrolyte is demanded [58]. The term supersaturation is related to the divergence of the
concentration of the dissolved gases (O2 and Hp) from their saturation state, known as
solubility.

The existence of supersaturation at the electrodes boundary layer is a phenomenon
studied and experimentally proven in literature [50], [59]. De Jonge et al [17] studied
the Oy and Hj evolution in a 30% aqueous KOH solution with transparent Nickel coated
electrodes. For the Oy evolution, they examined different current densities and rising
operational pressures up to 7.5 bar at 298 K temperature. They reported that Oy super-
saturation increases in higher current densities and pressures. A similar trend was noted
for the Hy supersaturation that was examined only at different current densities with a
supersaturation ratio of 100 at 400 A /m?.

Vogt [61], [60] examined the mass transfer mechanisms at the electrode vicinity trying
to find an approach to estimate the supersaturation concentration under the assumption
that the concentration at the electrolyte bulk is equal to the solubility. According to his
research, there are two relevant mechanisms:

e Mass convection from the electrode to the half-cell bulk.

e Mass transfer of dissolved gases from the supersaturated electrode boundary layer
to the growing bubbles that are still attached to the electrode surface.

Figure 2.5: Mass transfer mechanisms of dissolved gas from the electrode: Np, refers to the mass flux of a substance D coming
out from the electrode and is separated into Ng that goes to the bubble-liquid interface and to N that travels to the bulk of
the half-cell. [59]
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Vogt [61] proposed the following simplified formula to estimate the dissolved gas super-
saturation inside the electrode boundary layer:
Cie vi-j

2
. .(1__.f‘ G) (2.18)
Ci sat Z'F'ki,e'ci,sat 3"

where k; ¢ is the mass transfer coefficient, c; ¢ is the supersaturation concentration of gas i
at the electrode boundary layer, c¢; ¢o¢ is the saturation concentration of i at the bulk (under
the assumption that the bulk remains saturated) and f; . is the gas evolution efficiency.
According to Vogt [61], two sub-mechanisms have an effect on the aforementioned mass
transfer coefficient k;e: macro-convection due to the electrolyte flow after the electrode
and micro-convection due to events happening during the bubble growth and detachment.
So, the overall mass transfer coefficient can be calculated by the following formula [61]:

kie= (kzg,ec + klg,eb)o.5 2.19)
where k;j¢c and k; ¢, are the macro and micro convection mass transfer coefficients respec-
tively. For the micro-convection coefficient, Vogt [59] conducted experiments with platinum
electrodes and estimated values for both O, and Ho.

The macro-convection mass transfer coefficient can be estimated using the Sherwood
number formula [61]:
i _Sh-Di _ 0.93-Re%5-Sc0-487. p;
heb dpy dpy
where D; is the gas i diffusion coefficient, dy,; is the bubble break-off diameter, Re is
the Reynolds number, Sc is the Schmidt number and Sh is the Sherwood number. The
Reynolds and Schmidt numbers are calculated using the following equations [61]:

(2.20)

_Vi'J-Rg T fi,g-dpr

Re= @.21)
z-F-P- vy
sc=—L 2.22)
D;

where v; is the stoichiometric coefficient of i, j is the current density, Rg is the gas constant,
T is the electrolyte temperature, P is the operating pressure, vy the electrolyte kinematic
viscosity, z is the number of transferred electrons and F is the Faraday constant. The
bubble break-off diameter refers to the diameter of a single bubble when it is detached
from the electrode. Several empirical correlations have been proposed after conducting
experiments and the general finding is that the bubble break-off diameter is larger in low
current densities [22]. However, other researchers made the opposite observation [22], which
means that a completely accurate formula is difficult to be formed as the bubble break-off
diameter depends also on other operating conditions such as the electrode material and
the type of electrolyte [48].

The gas evolution efficiency is another parameter that is estimated experimentally. In
literature, there are only a few available correlations and mainly for the case of hydrogen
evolution. Haug et al [22] proposed the following equation after elaborating experimental
data from various researchers for Hp evolution in KOH electrolyte with Nickel electrodes:

fi,,G =0.25744 . j0-14134 (2.23)

The authors argue that the above expression is in agreement with other experimental
works with similar operating conditions and the resulting efficiencies are below unity for
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the typical industrial current density operating window (1000-4000 A-m~2) [16]. For oxygen
evolution efficiency, no available data were found in the literature.

In the zero-gap design, the fact that the cell separator is in contact with the supersat-
urated electrode inserts an additional mass transfer mechanism related to the crossover to
the opposite half-cell compartment, which was not taken into account in Vogt’s approach
and so it was not used in this study. The local supersaturation at the separator boundary
was used as a crossover enhancing parameter in the sensitivity analysis.

2.4.3. GAS CROSSOVER THROUGH ELECTROLYTE MIXING

As mentioned before, dissolved gases can crossover due to the electrolyte mixing cycles
through the pipe that connects the cathodic and anodic compartments of an alkaline elec-
trolyzer. According to Trinke [58], this is the mechanism that has the largest contribution
to the overall gas crossover. Thus, by knowing the velocity profile of the electrolyte flowing
inside the piping system, it is possible to predict the transient mass transport of dissolved
components and evaluate their concentration at the opposite side. As in the case of the
separator crossover, the physical mechanisms that affect the mass transport inside the
pipes are advection due to electrolyte flow and diffusion because of local concentration
differences. Consequently, the dissolved gases transport through the piping system can be
evaluated by solving the transient 1-d advection-diffusion equation:

aCi 6(,‘,‘ azc,-
ot +upipe'a :Di.ﬁ (224)

However, the shear flow of electrolyte inside the pipes can enhance the effective diffu-
sivity of the transported components under a certain condition. This phenomenon is called
Taylor dispersion and was initially studied by Taylor for both laminar [53] and turbulent
[54] flow regimes. More specifically, Taylor examined how the advection and diffusion
mechanisms affect the transport of a soluble component inside a circular tube, moving
with the mean flow velocity under laminar Poiseuille flow conditions [53]. In Poiseuille
flow, the axial velocity follows a parabolic profile with its maximum value at the center
of the tube, while the mean velocity is equal to the half value of the maximum velocity
[37]. When mass advection in the axial direction dominates (high Pe number), the axial
molecular diffusion can be neglected. However, radial diffusion may have a considerable
effect on the average mass transport.

Radial

Axial

Figure 2.6: Poiseuille flow in a circular tube showing the different dispersion of a soluble component at the front and the back
side of a pulse. [8]

Figure 2.6 depicts how the soluble component mass transport is affected by the flow
conditions under the Taylor dispersion regime and laminar flow. As can be noticed, at the
head of the pulse, the concentration is greater in the center of the tube compared to the
walls, so the effect of radial diffusion (with direction to the tube walls) is slowing down the
axial mean speed of mass transport. At the rear side of the pulse, the opposite phenomenon
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happens, as the concentration is higher near the walls and radial diffusion (with direction

towards the pipe center) contributes to increasing mass transport axial mean velocity.
Consequently, Taylor derived a virtual diffusion coefficient in order to describe the

aforementioned effects. This coefficient is used in a purely 1-d diffusion equation as [53]:

aci 06‘,‘ 62 Ci

ot + Upipe * B Draylor,i - o2 (2.25)

where Draylor,; is the Taylor virtual diffusion coefficient and for laminar flow is calculated

as [53]:

2 2
"pipe " “pipe
48-D;
where upipe and rpipe are the pipe’s mean velocity and radius, while D; is the diffusion co-
efficient of the examined component. For turbulent flow, Taylor followed similar derivation

and proposed the below formula [54]:

Draylor,i = (2.26)

Draylor,i = 10.1- Ipipe - Ux (2.27)

where u. is the shear or friction velocity and is defined as a function of the shear stress
and density [54]:

Tw

Us =4 — (2.28)
p
Equation 2.27 is also written in a different way as:
Uy
Draylor,i = 10.1 Ipipe * Upipe * (2.29)
Upipe

where the ratio of the shear over the mean flow velocity can be found as a function of
Reynolds number in [54].
Taylor dispersion equation 2.25 is valid when the following condition is satisfied [53]:

2

Lpipe "pipe
> 2—

Upipe 3.84-D;

(2.30)

2.5. PREVIOUS WORK ON CROSSOVERS AND TRANSIENT MODELING

In literature, various studies have been published regarding the operation of AWE and are
mainly based on analysis related to electrochemistry and thermodynamics. In the field of
gas crossovers, only a few works were found and focus on models predicting the gas purities
on a steady time regime.

Haug et al [22] developed a zero-dimension model that can predict the crossover in
an atmospheric pressure single cell under different operational conditions and electrolyte
cycling strategies. More specifically, the two compartments of the cell (anode and cath-
ode) were modeled as CSTR (typical in chemical engineering) with the possibility of mass
exchange through the cell’s separator. The authors took also into account the mass trans-
fer between the evolving bubbles and the liquid saturated electrolyte. Their main finding
regarding the operational parameters is that the gas crossover is higher in low current
densities, while it tends to reduce in higher operational temperatures. Regarding the elec-
trolyte management, a cycle mixing strategy presents higher H» impurity in the O, flash
tank contrary to separated electrolyte cycles and this difference is considerably higher in
low current densities.
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In another work, Schalenbach et al [46] examined the effect of the pressure difference
between the opposite cell compartments on the Hy crossover through the separator for
AWE operating at 80 °C and 6 bar absolute pressure for different separator types. They
concluded that with a 1% absolute pressure difference, the convection mass transfer mech-
anism through the separator becomes dominant over the diffusion. They also found a
similar trend regarding the higher level of crossover in low current densities.

In the field of control and dynamic transient modeling of AWE systems, a gap in the
literature is identified, since extended relevant research was not found. In recent work,
David et al [15] developed and experimentally validated a semi-physical dynamic transient
model for the case of a self pressurized electrolyzer operating at high pressures (tested
up to 70 bar) and its pressure control system. Based on mass and energy conservation
laws for the various modules, the model predicts fluctuations of pressure and electrolyte
level at the gas separators caused by the evolving gases and purging valve operation, while
giving an insight on the dissolved gas concentration throughout the system. Regarding the
crossovers, the main finding was that Hy impurity inside the O, flash separator reached
2% at 70 bar, a value that is enhanced contrary to lower operating pressures. This model
also does not take into account the inertia dominated oscillating behavior of the electrolyte
that can be caused by the valve opening.
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ZEF ELECTROLYSIS SYSTEM

3.1. PROCESS OVERVIEW

ZEF develops a self-pressurized electrolysis system with natural electrolyte recirculation.
This means that the pressure is built up by the continuous gas production into the stack
and controlled with the use of purging valves, while the electrolyte is flowing under natural
convection effects without the implementation of a pump. The lack of a pump reduces the
energy needs of the system and saves space for the micro-plant. Currently, the company
develops an experimental setup to test the system’s aspects and behavior under the influ-
ence of the real operating conditions and process control. This experimental setup, that
ZEF has named ’bunker twin’ is modeled in this project. Figure 3.1 presents a schematic
of the electrolysis process in the 'bunker twin’.

Hz
collecting
tank

Mixing pipe

Figure 3.1: ZEF bunker twin schematic including the stack, flash tanks, buffers, two electrolyte level sensors (LS1 & LS2), two
pressure sensors (PS1 & PS2) and two gas purging valves (PV1 & PV2).

The core of the system is an 18-cell stack, where O, and Hy are produced at the anodes
and cathodes respectively. The evolving gases in the form of bubbles are driven to the flash
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18 3. ZEF ELECTROLYSIS SYSTEM

tanks, under the effect of buoyancy force, where are separated from the liquid electrolyte.
For the scope of this report, the oxygen side will be referred to as the ‘left side’ and the
hydrogen side as the ‘right side’. After the flash separation, the gases are collected in
cylindrical tanks, named buffers. H> is collected in the right side buffer, which is designed
larger due to the different gas production rates with analogy Hz:0y = 2:1 (eq. 2.3 and 2.2).

The different electrochemical reactions that take place at the cells of the stack are caus-
ing divergence in the local electrolyte concentration, as water is produced at the anodes
with a double quantity consumed at the cathodes. To maintain a balance of the concen-
tration, the two sides are communicating and mixing through a pipe below the stack as
presented in Figure 3.1. The consumed water quantity is replenished with compressed
water pumped in the Oy flash tank.

3.2. CONTROL SYSTEM DESCRIPTION

The process control system includes two electrolyte level sensors in the flash tanks (LS1
and LS2), two gas pressure sensors (PS1 and PS2) and two solenoid gas purging valves
(PV1 and PV2). ZEF has adopted a strategy to control the system pressure by maintaining
the electrolyte level in the flash tanks and continuously monitoring the accumulated gases
pressure in the buffers. To achieve the electrolyte level control in Oy flash tank, the buffer
is designed smaller leading to faster pressure increase at the left side, despite the lower gas
production rate and thus electrolyte moves to the right side. The valves open for fixed
time intervals during the system’s operation puffing out gas according to the signals from
the sensors and can operate simultaneously. The level sensor at the left side (LS1) ensures
that the electrolyte level will remain continuously above a fixed level. When the liquid
level drops below the sensor, a signal triggers the Oy purging valve (PV1), gas is released
to the environment and thus, the pressure drop in the O, buffer forces the electrolyte to
move backward. This sub-controlling system is active for the whole operating window of
the electrolyzer. The aforementioned procedure is visually described in the following set
of figures.

Mixing pipe

Figure 3.2: Purging valves closed, both level sensors wet, continuous gas production causes electrolyte movement from left
side to right side, Oy flash tank electrolyte level starts decreasing.
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3.2. CONTROL SYSTEM DESCRIPTION 19

Mixing pipe

Figure 3.3: Left side level sensor (LS1) becomes dry, O, purging valve (PV1) opens and releases gas to the environment, liquid
electrolyte follows backward direction moving from right to left side, O» flash tank electrolyte level starts rising.

On the opposite side, the control system behaves differently. The operation of O»
flash tank level sensor (LS1) ensures that electrolyte will be present on both sides. Water
consumption at the cathodes will gradually reduce the total water amount in the system.
When the electrolyte level in the right side falls below the level sensor LS2, a signal informs
the control system to add water inside the O, flash tank. As for the purging valve (PV2),
it is triggered every time the gas pressure inside H buffer (PS2) reaches the control point,
which is the system’s final operating pressure (50 bar).

€

PV1

H,0

Mixing pipe

Figure 3.4: Pressure in Hj buffer exceeds 50 bar, purging valve PV2 opens, liquid moving faster to the right side.

To sum up, with the described system, ZEF achieves to effectively control both elec-
trolyte level in the flash tanks and gas pressure in the buffers. The role of purging valves
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20 3. ZEF ELECTROLYSIS SYSTEM

is important as their operation affects the dynamic behavior of the whole system since the
liquid electrolyte is moving back and forth inside the piping, stack and flash tanks, present-
ing an oscillatory behavior. This effect is interesting especially after the system reaches its
final control pressure of 50 bar when both purging valves can operate simultaneously result-
ing in increased momentum of the moving liquid and probably higher pressure gradients
between the two sides.

3.3. GEOMETRIC CHARACTERISTICS

The following tables include data regarding the geometry of the various electrolysis system
parts that are used in modelling and some parameters of the control system:

Table 3.1: Dimensions of flash tanks and buffers.

0, flash tank
Diameter 34.8 mm
Length 105 mm
0O, buffer
Diameter 34.8 mm
Length 105 mm
Total O, side volume | 2.018-10% mS3
H> flash tank
Diameter 34.8 mm
Length 137 mm
H; buffer
Diameter 72.9 mm
Length 105.5 mm
Total H, side volume | 5.707 -10°% | m3

Table 3.1 includes the dimensions of the flash tanks and buffers. The total volume of
the Hj side is around 2.8 times larger than the O side.

Table 3.2: Electrolysis cells data.

Half-cell width 4 mm
Electrode thickness 0.5 mm
Separator thickness 0.5 mm

Bipolar plate thickness 0.5 mm

Net cross area 63.36 | cm?
Number of cells 18 -
Total stack length 144 mm

Table 3.2 summarizes geometrical data for the cells. Each half-cell (anode or cathode)
is 4 mm thick including the electrode and the half separator, which is compressed between
the two half-cells. The adjoining cells are separated by bipolar plates, which prevent the
mixing of gases as described in chapter 2. The total length of the stack includes also 2
steel end-plates that are used to compress the cells and keep them in their position.
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3.3. GEOMETRIC CHARACTERISTICS 21

Table 3.3: Purging valves and sensors data.

Purging valves opening duration

02 valve (PV1) | 100 ms
H2 valve (PV2) | 100 ms

Level sensor height position
02 tank (LS1) 59 mm
H2 tank (LS2) 59 mm

The level sensors height position is measured from the bottom of the flash tanks. More-
over, the hydraulic factor of both purging valves is 0.017 Nm3-h~!. Geometrical data and
a more detailed schematic about the piping system are included in chapter 4.
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MODELING

4.1. INTRODUCTION

For the scope of this thesis, the modeling procedure was divided into two main models.
The first one predicts the transient dynamic response of the ZEF electrolysis system. More
specifically, having the gas production as input, the model simulates the electrolyte flow
in the pipe network and predicts how it is affected by the pressure build-up and purging
valves opening during the two operating states. State 1 is the startup period when the
system’s pressure increases until it reaches the main operating point of 50 bar. As described
in chapter 3, during state 1, only O, purging valve is working to maintain a balance in
electrolyte level. State 2 is the main operating window of the system when both purging
valves are working to control the electrolyte level and system’s pressure. The second model
predicts the dissolved gas flow in the system. Using the results of the first model (liquid
electrolyte velocity in the pipes and pressure in relevant points of the system), transient
mass transport equations were solved by applying numerical schemes and coupling the
different elements with appropriate interface conditions. The main scope of the second
model is to estimate the level of cross-contamination in the flash tanks.

4.2. ELECTROLYSIS SYSTEM DYNAMIC RESPONSE MODEL

4.2.1. GENERAL INFORMATION AND NETWORK SCHEMATIC

The development of this model is based on a 1-d unsteady pipe network analysis, where the
system is split into nodes and elements [49]. Pipes and tanks are considered as elements,
while their linking points are treated as nodes. To characterize the flow and estimate
velocities and pressures, a mathematical model was developed by applying mass and mo-
mentum conservation at the elements and continuity principle at the nodes. The bubbles
are entering continuously the flash tanks where the accumulated gas pressure acts as an
external force on the liquid electrolyte that contributes to its movement into the network
(a list of all the assumptions is be presented in the next pages). The following figure and
tables present in detail the hydraulic network structure and its geometrical data.
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Figure 4.1: Hydraulic network with elements (blue squares) and nodes (yellow circles). Elements Pa2 and Pc2 represent the
stack anodes and cathodes respectively. To reduce the model complexity, the half-cell compartments were treated as two
single pipes assuming that the flow through all the anodes and cathodes respectively is identical.

Table 4.1: Pipe length and diameter.

Element | Length (m) | Diameter (mm)
P1 0.46 4
p2 0.31 4
P3 0.24 4
Pal & Pcl 0.172 4
Pa2 & Pc2 0.07 6.5
Pa3 0.462 4
Pc3 0.312 4
Table 4.2: Nodes height.
Node Height (m)
1 0.193
2 0.163
3&4 0.07
3a&4a 0.07
3b & 4b 0.152
5 0.243
6 0.213

For the nodal height, the reference point with zero height was set to be the centerline
of element P3. Also, the height difference of the two flash tanks is 3 cm (difference between

node 1 and 2).
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4.,2.2. MODEL ASSUMPTIONS
The following assumptions are made for the mathematical model derivation:

The supplied current density is assumed to be steady without fluctuations.
Electrolyte flow in the pipes is assumed to be incompressible.

The operating temperature is assumed to be steady and equal to 90 °C (ZEF spec-
ification).

Water production/consumption at the anodes/cathodes respectively is neglected and
assumed that it is continuously replenished.

The flow through half-cells (i.e. anodes) is assumed to be identical. For simplification
of the hydraulic network, the stack is modeled as a simple tube with a hydraulic
diameter (Pa2 and Pc2 for anodes/cathodes in Figure 4.1).

A two-phase flow approach is not considered. The flow is assumed to be governed
by the pressure difference between the flash tanks.

A quasi-steady approach is followed for the determination of the pipe friction coef-
ficient.

The liquid electrolyte pressure at the bottom of the flash tanks (where they are
connected to pipe P1 and P2) and at the height where pipes Pa3 & Pc3 enter the
flash tanks, is assumed to be equal to the hydrostatic pressure plus the accumulated
gas pressure above the liquid electrolyte, neglecting the dynamic term.

The possible electrolyte flow between the half-cell compartments due to differential
pressure over the separators is not taken into account to reduce the model complexity.

The extra gas fraction in the flash tanks/buffers caused by the crossovers was not
considered in this model.

4.2.3. MATHEMATICAL MODEL

For consistency in the model derivation, the electrolyte flow direction is assumed to be
positive from the right to the left side regarding pipes P1, P2 and P3. For the rest system,
flow is considered positive when it is driven towards the flash tanks. This accordance, is
illustrated in the following figure.

Figure 4.2: Positive direction of electrolyte flow.
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As mentioned before, the model consists of transient mass and momentum balances
at the various elements of the system. Under the incompressibility assumption, all the
fluid inside an element is moving with the same velocity that changes with time and not
spatially. The equations set is similar for the pipes. For the case of the flash tanks, where
the total liquid volume changes, a special deforming control volume is selected.

EQUATIONS FOR THE PIPES:
A general unsteady 1-d momentum equation for incompressible flow in a pipe with length
L and cross section A is given below [7]:

6up
pAp-Lp-—>== (Pin = Pout) - Ap + p- & Ap - (hin — hout) — Firiction @1

The above momentum conservation is an expression of Newton’s second law and describes
the rate of change of the linear momentum due to the acting forces. The LHS represents
the aforementioned momentum change and is equal to the product of the total liquid mass
times the flow acceleration. The RHS includes the aggregation of the acting forces. The
first term is the force owing to the pressure gradient between the pipe ends, the second
term is the gravity force contribution, while the third term is the friction force. In the
previous equation, hi, — hoyt is the height difference between the pipe inlet and outlet.

EQUATIONS FOR THE FLASH TANKS LIQUID PART:

The model equations for the case of the flash tanks are different since the liquid volume
changes with time. For this reason, a deforming control volume that includes the liquid
electrolyte is used to derive the transient mass and momentum balances. The following
figure depicts the used control volumes for both flash tanks. For the analytical derivation
of the following equations, refer to appendix A.1.

(a) Oxygen flash tank (T1) (b) Hydrogen flash tank (T2)

1
1
P, ! . P
T1 9,
v | : R R
i | 1
By —p 1 Pf —p»
| [ 1 / |
________ 1 [
Pipe Pa3 [T up 1 Pipe Pc3 m Upp
1
Pipe P1 Py . Pipe P2 B

Figure 4.3: Selected control volumes (red dashed lines) for both flash tanks.

The positive flow direction is adapted to be in agreement with figure 4.3. The selected
control volumes can deform at the y direction following the liquid electrolyte movement.
The pressure at top liquid surface is equal to the accumulated gas pressure and at the pipe
connections has the value of the corresponding nodes. The transient mass conservation
equation for the deforming control volume reads:

p-AvJi=Ap-[3(p-tp,in) =X (P~ tp,our)] 4.2)

where A; is the tank cross section area and y; is the liquid velocity inside the tank (rate
of control volume deformation). The LHS represents the mass accumulation of the liquid
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4.2. ELECTROLYSIS SYSTEM DYNAMIC RESPONSE MODEL 27

electrolyte inside the flash tank, while the RHS includes the mass amount that enters and
exits the control volume. By differentiating the above equation, a similar expression for
the acceleration can be derived. The momentum conservation equation is split into two
separate equations for the corresponding directions. The y axis equation has the following
form:

P Aty i+ p-Av-Ji+i-prAp-us=i-(Pg—Pp)-Ap+i-p-g- ¥t Ap — Firiction 4.3)
where i is -1 for oxygen flash tank (T1) and 1 for hydrogen flash tank (T2), j is the liquid
acceleration, y¢ is the liquid height, Pg is the gas pressure above the control volume, Py
is the pressure of the node below the flash tank (n=1 for tank T1 and n=2 for tank T2),
up is the flow velocity of the pipe below the tank (P1 for T1 and P2 for T2 in fig. 4.3)
and Fyiction 18 the linear friction force (estimated using equation 4.12, as in the case of the
pipes). The x axis equation reads as:

0=p-uz-Ap+(Pn—Pg)-Ap—p-g-(yi—yp)- Ap (4.4)

where up refers to flow velocity of the pipe connected on the lateral surface of the cylindrical
tank (Pa3 for T1 and Pc3 for T2 in fig. 4.3), Py is the pressure of node 5 for T1 and node
6 for T2, while yp is the distance of Pa3 and Pc3 from the bottom of the flash tanks.

EQUATIONS FOR THE FLASH TANKS GASEOUS PART:

The gaseous phase (flash tanks + buffers) pressure is a parameter that affects the system’s
behavior since the electrolyzer is self-pressurized. As stated in the assumptions list, the
evolving gases continuously enter the gas phase of the flash tanks with a molar flow rate
that is estimated using Faraday law (eq. 2.7 for Oy and eq. 2.8 for Hp). Consequently,
a transient material balance for the gas phase is derived to estimate the mass of the
accumulated components and the pressure is calculated using a real gases law.

0(Pg . Vg) X .
“or = Mgin — Pg" Qvalve (4.5)

Vg=Vi— At n (4.6)

where pg is the density of the accumulated gas, Vg is the gas phase volume, V; is the total
volume, rig iy is mass flow rate of the produced gas and Qyapye is the volumetric flow rate
that exits the system when a valve is in operation. ZEF is using solenoid valves that
operate in a way described in chapter 3. For this model, the gas volumetric flow rate
through the valves is calculated using the below formulas (in m3-h~1) [2]:

P . AP-P P T
8 | out ref
P, > =) 514 -k, - - 4.7
out 2 valve v SG-T Pg Tref “.n

Pg 257-Pg-ky Prg T

Pout<7_’Qvalve——/SG—'T'P_g'?ef (4.8)
where Pg (in bar) is the gas pressure inside the flash tanks, Poyt (in bar) is the discharge
pressure (environmental pressure), ky (in Nm3-h~!1) is the valve flow coefficient, SG is the
specific gravity of the gas that passes through the valve and T is the operating temperature.
The valve flow coefficient is a characteristic parameter that is given in normal conditions
(20 °C and 1 bar) and expresses the volumetric flow rate when the pressure drop through
the valve is 1 bar. Both of the aforementioned equations are multiplied by a term to
convert normal to actual conditions. Moreover, the above equations are used by many
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valve manufacturers for sizing purposes. In equation 4.8, the resulting volumetric flow
rate depends only on the upstream pressure and when converted to actual conditions, it
is steady. This is the choking phenomenon meaning the limiting point when the flow rate
through the valve is steady and does not depend on pressure drop variations. This limiting
point is also called critical point. In equations 4.7 & 4.8, it is assumed that the critical
point is 50% of the upstream pressure (gas pressure in the flash tanks). Thus, when the
downstream pressure (environmental) is lower than the critical pressure (0.5-Pg), then the
flow is supercritical (choked) and equation 4.8 holds.

MASS CONSERVATION AT TEE SECTIONS AND ELEMENT CONNECTIONS:

As can be seen in figure 4.1, the hydraulic network includes two tee sections (nodes 3 and
4) where the flow may present splitting or mixing behavior. The application of continuity
principle at these nodes results:

Y (o upin-Ap) =Y (p- up,out- Ap) (4.9)

A similar equation is used for the acceleration by differentiating the above continuity
formula.

FRICTION FORCE:

In hydraulic networks analysis, the friction force that opposes the flow direction is a result
of linear or major and local or minor contributions. The linear part accounts for the
viscosity and pipe roughness effect if the element (pipe) is straight, while the minor part
includes ‘barriers’ of the flow such as sudden expansions or contractions, bends, elbows
and tee sections [30].

Linear friction contribution:

The linear friction force is the product of the pipe wall shear stress times the internal
wetted area:

Flinear,friction =Tw T dp 'Lp (4.10)
The shear stress is related to the widely used Darcy-Weisbach friction factor Ap using the
following correlation [13]:
2
_ Ap-p-up
8

After some numerical manipulations, the linear friction force of the pipe flow takes the
following form as a function of the Darcy coefficient Ap:

(4.11)

Tw

PLp-Ap

2-dp “up - |up| (4.12)

Flinear,friction =1p

where the flow velocity is written in a way to ensure that friction force has always the
correct sign.

For the Darcy friction factor, several empirical correlations have been proposed for
laminar and turbulent flow regimes. For this model, Churchill equation [13] is implemented,
since it provides satisfactory results for both regimes.

1
8 1 12

12
An=8-|[— [ — 4.13
b (Re) " (A+B)1~5] “-13)
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16
1
A={2457In|—8M (4.14)
(1)0'9+027-m
Re . dp
3753016
= (4.15)
Nup|-d
Re:m (4.16)
u

where €, is the pipe roughness.

The aforementioned Darcy friction factor is based on analysis derived for steady-state
pipe flow. For transient problems, most of the work found in literature is based on studies
related to water hammer theory, which incorporates transient oscillating flow phenomena.
An example of a widely used 1-d transient friction model is the one developed by Brunone
[38], which takes into account the instantaneous local acceleration of the flow and ‘cor-
rects’ the steady Darcy friction factor by adding a virtual unsteady contribution. Bergant
et al [9] performed experiments with a fast valve closure and compared several models.
Brunone’s model had the best fit to the experimental data for both laminar and turbulent
flow experiments, while the ‘quasi-steady’ approach by using only the Darcy friction factor
provided satisfactory results at the beginning (highest amplitude of oscillations) but pre-
sented less damping in 1 s timescale. For the scope of this thesis, the implementation of
the unsteady friction term is neglected since it increased dramatically the computational
time and caused random crashes during the model execution due to numerical issues. Con-
sequently, an underestimation of damping effects after the valve opening is expected.

Local friction contribution:
The local friction force contribution is estimated using the following equation:

A
P2 up - [up)| 4.17)

Focal friction = AL* 3

where A is the local friction loss coefficient. This coefficient is 0.5 for pipe contraction, 1
for expansion, 0.3 for 90° pipe bend and 1 for branched flow in tee section [30].

4.2.4. USED SOFTWARE

Based on the previous derivation, a set of equations is built for the hydraulic network
with variables that change over time, creating an algebraic loop that needs to be solved
iteratively. The total set of equations is included in appendix A.2. The mathematical
model was implemented and solved using Simulink.

Simulink is a graphical environment appropriate for designing, modeling and simulating
dynamic systems. It includes libraries with predefined blocks for modeling of both discrete
and continuous-time states. The designed transient hydraulic circuit is a continuous sys-
tem, meaning that its variables are changing continuously over time. Moreover, the rapid
variations of the model parameters (pressures, velocities, flash tanks liquid height) caused
by the operation of the valves, make the problem stiff. Simulink offers both fixed and
variable time step intervals options. The fixed-step solvers are using the same time step
defined by the user before the simulation execution. For a stiff system, the fixed time step
should be set very small to be able to predict a stable solution when the dynamics change
rapidly, with a cost for the computational time. On the other hand, variable step solvers
can alter the time step during simulation, by reducing it when the dynamics change fast
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to improve accuracy and increasing it in slower states, saving computational time. The
user can modify the time step margins (minimum and maximum values) and also define
the relative and absolute error tolerance.

Regarding the model solution at each time step, an iterative procedure is demanded.
Simulink includes algebraic loop algorithms that detect automatically the variables that
affect the loop, depending on how the model blocks are defined by the user. Based on these
variables, the solver applies iterations concerning the defined global error tolerance till it
converges to the solution and moves to the following time step. More information about
the program and the used solvers is provided in appendix A.3.

4.3. CROSSOVERS MODEL

4.3.1. GENERAL INFORMATION

Having characterized the dynamic response of the electrolysis system under the effect of
pressure build-up and control valves opening, a second model was developed to quantify
the level of gas crossover on both flash tanks. This was achieved by solving transient 1d
mass transport equations, using the predicted velocities and pressures from the previous
model as inputs and coupling the different hydraulic network elements with appropriate
interface conditions.

As described in chapter 2, dissolved gases can pass to the opposite side through the
cells separators and the mixing electrolyte cycles. To calculate the transport of the dis-
solved components through the various network elements, the transient advection-diffusion
equation (eq. 2.24) was solved numerically by applying the Finite Difference Method
(FDM). The flash tanks, half-cell compartments and pipes leading the bubbles to the flash
tanks were treated as Continuously Stirred Tank Reactors (CSTR), where the accumulated
species are perfectly mixed with the same concentration in the whole liquid volume [31]. A
simplified scheme illustrating the system with the two CSTR is included in the following
figure:

PV1 PV2
e g ™

CSTR1 7 CSTR2

P1 B P2
\ A J

T Pa1 Pc1 T _
|

<

A

—Q

Figure 4.4: The presented scheme is similar to the hydraulic network in fig 4.1 with the difference that the CSTR 1 includes T1,
Pa2 and Pa3, while CSTR 2 includes T2, Pc2 and Pc3. The red arrows show the positive direction of the flow and the blue ones
indicate the mass transfer between the two CSTR due to advection & diffusion through separators of the cells.

4.3.2. MODEL ASSUMPTIONS
The following assumptions are made for the crossovers model (the mentioned element
names refer to figures 4.1 and 4.4):

e The operating temperature is steady and equal to 90 °C.
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e As mentioned before, the half-cells, flash tanks (T1 & T2) and pipes carrying the
bubbles to the flash tanks (Pa3 & Pc3) are treated as CSTR. This means i.e. for the
0 side that the concentration of O, or H» at these elements has the same value.

e The bubbles are assumed to have a large surface area absorbing any extra quantity
that is transferred from the supersaturated electrodes boundary layer to the elec-
trolyte bulk. Consequently, the concentration of Oy at the O side and Hy at the Hy
side is assumed to be equal to their solubility and is affected only by the change of
gas pressure.

e Ideal mixing is assumed at the nodes representing the pipe tee branches (nodes 3 &
4).

e The gas phase pressure in the relevant elements is assumed to be equal to the gas
phase pressure in the flash tanks.

e Only dissolved components are taken into account for the crossover through the
separators of the cells. It is reported in the literature that the Zirfon Perl material
is impermeable to bubbles [45].

e The absolute cell-pressure is assumed to be the average pressure of the nodes rep-
resenting the inlet and outlet of the cell (nodes 4a & 4b for anodes and 3a & 3b
for cathodes in figure 4.1). This pressure is used to estimate the advective crossover
velocity through the separators.

e Henry’s equilibrium law is assumed for the gas-liquid phase in the CSTR elements.

e Numerical schemes are set and solved for the elements carrying the liquid electrolyte
to the stack (P1 & Pal for O, side and P2 & Pcl for Hj side), the element connecting
the two sides (P3) and the separators of the cells.

4.3.3. NUMERICAL SCHEMES

For the discretization of the transient 1d advection-diffusion equation (eq. 2.24), an implicit
approach was followed. Every element of the hydraulic network that was solved numerically,
was split spatially into several nodes. For better consistency in the following description,
the subscript j will refer to the examined node, while the upper script ¢ will refer to the
examined time.

Using Taylor series expansion, the concentration time derivative term was discretized
with a first order forward difference formula, the advection term with a first order backward
difference formula (or forward taking into consideration the flow direction) and the diffusion
term with a second order centered difference formula [33]. The combination of the used
time and spatial advection terms discretization is known as the first order upwind scheme.

cjt.+1 - c]t. c]t.Jrl - c]tt} cjtﬁ —2~cjt.Jrl + cj“_'i
it utlso — L —J 4+l =D- (4.18)
At Ax Ax?
t+1 t t+1 t+1 t+1 t+1 t+1
c:mt—ct ¢l —cCh c:Ti—=2-c.7 +cCh
e 14l j P U o N A £ J j-1
it wtl<o - L — L4yt =D- 4.19)
At Ax Ax?

If the above equations are used for the pipe elements, the velocity u was the one
implemented from the hydraulic network model results and the diffusivity D was H» or Oy
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property in 30% aqueous KOH solution and 90 °C. If the equations solve the advection-
diffusion through the cell separator, the used velocity was calculated from Darcy equation
2.15, while the effective diffusivity of Hp or Os was estimated using equation 2.11.

The reason for the selection of an implicit numerical approach is its unconditional
stability. The results from the hydraulic circuit Simulink model were used as inputs,
including the time step. If an explicit scheme with the same discretization was chosen, the
two following criteria should be satisfied for stable solutions [10]:

At
advective stability — |u- —| <1 (4.20)
Ax
P - At
diffusive stability — D-—5 <0.5 (4.21)
Ax

Without being able to modify the time step, since it was imported from Simulink model,
there would be cases that both criteria would not be satisfied leading to unstable solu-
tions. The major drawback of the selected implicit method is the considerably higher
computational time.

A shorter form of the aforementioned equations 4.18 and 4.19 is presented below:

it u*l>0 — (—AI—A2)~c]t.f}+(1+A1+2~A2)-c]f.+1+(—A2)~c]€j}=c]? 4.22)
. t+1 t+1 t+1 t+1 _ .t
if u <0 — (—Ag)-cj_1+(1—A1+2-A2)-cj +(A1—A2)~cj+1—cj (4.23)
with:
ut*tl. At D-At
A== & M=—0 (4.24)

In the above equations, all the parameters referring to new time ¢+ 1 are located on the
LHS building a tridiagonal matrix, while the RHS includes information for the old time
t. To solve the system of equations and calculate the concentration values at the new
time £+ 1, Thomas algorithm was used (refer to appendix B.3). Furthermore, if the flow
parameters satisfy the Taylor dispersion condition (eq. 2.30), then the above equations
were solved using the Taylor diffusivity given from equation 2.26 for laminar and equation
2.29 for turbulent regime.

4.3.4. ELEMENT INTERFACE CONDITIONS

To couple the various elements of the system (fig. 4.4), a strategy with assigned values
at their edges that change at every time step was followed. Based on the positive flow
direction (red arrows in fig. 4.4), the first node of each element was set analogously to be
at the flow inlet. So, the model includes different elements of the hydraulic network that
were split spatially into nodes to solve the discretized advection-diffusion equation (eq.
4.22 or 4.23), two tee sections where the associated elements numerical schemes share a
common edge node and two CSTR tanks. The liquid dissolved components concentration
inside the CSTR was used as the interface value for the connected pipes and the cells
separators. In this sub-section, the methodology for the coupling of the different elements
and the estimation of the molar fluxes needed to calculate the CSTR tanks concentrations
will be explained.
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COUPLING PIPES TO CSTR TANKS

The concentration of dissolved components inside the elements that were treated as CSTR,
was used as the value at the edge nodes of the relevant connected pipes and was updated
at each time step as can be seen in the following figures.

(a) CSTR 1 and P1 connection (b) CSTR 2 and P2 connection

Figure 4.5: For both elements P1 & P2, the concentration at the edge nodes (N for P1 and 1 for P2) has the same value as the
concentration inside the flash tanks. The subscript i refers to the examined dissolved component. The red arrows indicate
the positive flow direction as presented in figure 4.4.

The component i molar flux at P1/CSTR 1 interface was estimated using the N and
N-1 node as:

cl’ _CI

et Sr_ ot YN T SN

if upy>0 — f;=up ¢y~ Di- Ax (4.25)
t t
C: —C.

: t St _ ot t . _iL,N i,N-1

if up<0 — ”i‘uPl'Ci,N_Dl'T (4.26)

where the concentration of element’s P1 last node (N) and element’s P2 first node are
equal to the concentration of i inside the corresponding CSTR. Similarly, at P2/CSTR 2
interface where the flow direction is considered positive when exits CSTR 2, the component
i molar flux was estimated as:

t t

if t 0 Lt ot t D Ci,Z_Ci,l 4.97

L tpy>0 = ny =Upy €y~ Lir— (4.27)
t t t t Cl'tZ_Citl

if up,<0 — :upzoci,z—Dle (4.28)

(a) CSTR 1 and Pa1 connection (b) CSTR 2 and Pc1 connection

Figure 4.6: For both elements Pal & Pc1, the concentration at the last nodes N is set to be equal to the component i
concentration inside the half-cell compartments, which is the same as the one inside the flash tanks due to the CSTR
assumption.
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At the interface coupling Pal & Pcl to the CSTR, the molar fluxes were estimated in
the same way as in equations 4.25 and 4.26 since the positive flow direction is the same.

COUPLING PIPES AT TEE SECTIONS

The hydraulic network includes two tee sections where the connected elements share a
common node (3 and 4 in figure 4.1). The concentration of the examined component i
at these nodes was calculated at each time step depending on the known flow behavior
(splitting or mixing). An example is depicted in the following figure for the tee section
(node 4) including elements P1, Pal and P3.

(a) Flow splitting (b) Flow mixing

Figure 4.7: The common node with blue color serves as the last node of element P3 and the first node for both elements P1 &
Pal. When the flow splits into two branches (a), the common node concentration was set to have the same value as N-1 node
of P3. When the flow is mixing (b), the concentration of node 2 for both P1 & Pal was taken into account.

According to figure 4.7, when the flow is splitting, the concentration of component i at
the common node is equal to the N-1 node of element P3:

t_ .t
€; =€ N-1,p3 (4.29)
When the flow is mixing, the concentration is:

t t t t
u - C. + U -C.
P1 ~i,2,P1 Pal “i,2,
¢l = - Pal (4.30)

Upg

Based on the aforementioned equations, every possible flow direction was taken into account
for the concentration estimation at the common node. A similar derivation was used for
the second tee section at the Hy side (node 3), connecting the elements P2, Pcl and P3.

COUPLING SEPARATORS TO CSTR TANKS
Besides the transport of the dissolved components through the piping network, crossover
happens through the separators of the cells. Each CSTR includes all half-cells of the stack,
in which the flow and crossovers were assumed to be identical (CSTR 1 includes the stack
anodes and CSTR 2 the stack cathodes). Consequently, the molar flow rate of the examined
component i was estimated for one cell and multiplied by the number of the cells for the
total flow rate that enters or exits a CSTR.

According to the model assumptions, the liquid concentration of Oy and Hy in both
CSTR is equal to their solubility affected by the gaseous phase pressure. For the O
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4.3. CROSSOVERS MODEL 35

crossover, the liquid concentration in CSTR 1 was assigned at every time step to the first
node of the separator’s numerical scheme, multiplied by a factor (SF) to take into account
the enhanced crossover due to the supersaturation phenomenon that was described in
chapter 2 and the similar procedure was followed for the Hy crossover in CSTR 2. A
schematic presenting the O; crossover through the cell separator is included in the below
figure:

Anode Separator Cathode
uéep
1] 2
P ( S - oo P
N-1|N
c c
0,,CSTR1 0,,CSTR2

Figure 4.8: Schematic presenting the O crossover from anode to cathode. The red arrow indicates the positive flow direction
for greater anodic absolute pressure. The separator was split into several nodes. At time ¢, the first two nodes where taken
into account for the flux at the anode side of the separator, while the last two nodes were used for the estimation of the flux at
the cathode side.

Based on the above figure, the O, molar flux at the left edge of the separator (anode
side) is:

t ot
eff €0,2~ “0,1

et .t _ it t
if Usep >0 — n0,,CSTR1 = €0,,1 " Usep — Do2 Ax (4.31)
t t
cH ,—¢C
. ot _ At t eff ~ 02,2 "0l
if Usep <0 — 7, csTRI = €0,,2 " Usep = Do, T (4.32)
The O2 molar flux at the right side of the separator (cathode side) is:
0,8~ 0
; t ot _ .t t eff 2, N 2, N-1
if uUsep>0 — 7265, csTR2 = €0y, N-1" Usep ~ Do, * — Axr (4.33)
C0p,N ~ €00, N-1
: t ot _ it t eff 2, 2, N—
if Usep > 0 — 16, cSTR2 = €0, N—1" Usep — DO2 T A (4.34)

A similar derivation was set for the opposite case of Hy crossover through the separator
from cathode to anode.

4.3.5. CSTR EQUATIONS
The last part of this model was the estimation of the Oy and Hy concentrations inside the
CSTR tanks, which include a liquid phase with the aforementioned components in dissolved
form and a gaseous phase. Data for the liquid and gaseous volume of the flash tanks at
every time step were implemented from the results of the previous hydraulic circuit model,
since the liquid electrolyte height in the flash tanks is known.

Based on figure 4.4, a transient total mass balance of Oy and H» for CSTR 1 is:

dNo,,CSTRI : : : : :
2,
—lt = NOg,gen +No,,p1 + No,,pa1 = No,,pvi — NOZ,sep,CSTRl (4.35)
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dNy. CSTR1 . . . R

# = Ny, p1 + NH, pa1 — NH, pv1 + NH, sep,CSTRI (4.36)
where NOg,gen is the generated O» in the anodes, NOg,sep,CSTRl & NHz,Sep,CSTRl are the
dissolved quantities leaving or entering CSTR 1 through the separators while NOZ,PV1 &
NHZ,PVI are the quantities leaving the system when the valve PV1 is open. Similarly for
CSTR 2:

dNp, cSTR2 . . . .
2)
—ar Nm,,.gen = Ni,,p2 + N, pe1 = N, pv2 — N, sep,CSTR2 (4.37)
dNo, CSTR2 . . . .
2
—ar No,,pc1 = No,,p2 = No,,pv2 + NO,,sep,CSTR2 (4.38)

The above differential equations were solved numerically with a first order forward
difference formula for the time derivative term on the LHS:

dN; _ N;H - N/
dr ~ At
To solve the aforementioned mass balances and estimate the quantities at r+1, the total

quantity at time t was needed to be calculated. The total component i quantity inside a
CSTR at time ¢ is the sum of gas and liquid phase contributions:

Nj =Nj +Nj, (4.40)

(4.39)

At this point, the assumption of Henry law equilibrium between the two phases was used.
According to this law, the amount of dissolved component i is proportional to its partial
pressure above the liquid:
t
cl.
Li

KP = 2L (4.41)
H,i pl(

where K;Ip ; is the Henry constant, which has a specific value for O and Hy in aqueous

potassium electrolyte (see section 4.4). Henry’s law is also expressed in a dimensionless
form as the ratio of the liquid over the gas concentration:

ce o, NVg
KH,i = CT = W (442)
gi gi 1

where Vgt & Vlt are the gas and liquid phase volumes of the corresponding CSTR. For ideal
gas, the conversion between the two aforementioned Henry’s law expressions is:

Kff;=R-T-K;}, (4.43)

With equations 4.40, 4.42 and 4.43, the total amount of component i at time t was esti-
mated for use in the mass balances to calculate the t+1 value.

In CSTR 1 mass balances (eq. 4.35 & 4.36), the molar flow rates of Oy and H» that
exit the tank when the valve PV1 opens were estimated using the below approximations:

NL 4+ N ¢
Nt _pat . Oag Hyg Po, (4.44)
02,pv1 = Qpv1 Vi Y .
g Po,* Py,
0,5+ Ning  Ph
7l _ Nt 2,8 2,8 H
Ny, pv1 = Qpyr - " ' (4.45)
g

; t
Po, + Py,
where Q{’VI is the gas volumetric flow rate that exits the system through valve PV1 (im-

plemented from the previous hydraulic network model). Similar approximations were used
for CSTR 2.
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4.4, PHYSICAL PROPERTIES

In this section, the various physical properties that were used in the developed models will
be presented. For the scope of this thesis, the thermal behavior of the system was not ex-
amined and the temperature was considered steady and equal to 90 °C (ZEF specification).
Consequently, the below properties refer to this specific temperature.

ELECTROLYTE PROPERTIES

ZEF is using an aqueous 30% potassium hydroxide electrolyte. Le Bideau et al [34] pub-
lished a review of different thermophysical properties for use in alkaline electrolysis mod-
eling. They include charts and fitted equations for both NaOH and KOH electrolytes
at various concentrations and temperatures. From this paper, the values for density and
dynamic viscosity were implemented in the models.

Table 4.3: Density and dynamic viscosity of 30% KOH electrolyte.

Parameter | Value Unit
0 1300 | kgm™3
u 0.08 mPa-s

OXYGEN AND HYDROGEN PROPERTIES IN KOH ELECTROLYTE
The O and H» diffusivities were implemented by the work of Tham et al [55], who reported
values for different temperatures and electrolyte concentrations.

Table 4.4: O, and Hp mass diffusivities in 30% KOH electrolyte.

Parameter Value Unit
Do, 23-1070 | m?.s7!
Dy, 7109 [ m?s!

Regarding the solubility of O and Hy in electrolyte solutions, only a few data were
found in literature and not in a wide range of temperatures. For the scope of this research,
the model developed by Haug [20] in his PhD thesis was implemented, which can predict the
solubility for both Oy and H» in a wide range of electrolyte concentrations. The description
and equations of the model are included in appendix B.1. The following figure illustrates
the resulting solubilities as a function of their partial pressure.

45

4
— Oy solubility
5 solubility

351

¢* (mol - m™?)
g
Moo
T T T

o
T

051

0 5 10 15 20 25 30 35 40 45 50
p (bar)

Figure 4.9: O & Hj solubilities as function of partial pressure above the liquid.
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The Henry constants for both components are the slopes of the lines in the above figure
and are presented in the following table.

Table 4.5: O, and Hp Henry constant in 30% KOH electrolyte.

Parameter | Value Unit
cp -3 -1
KH,OZ 0.0607 | mol-m™" -bar
KifHZ 0.0888 | mol-m~3-bar~!

EQUATION OF STATE FOR GASES PRESSURE CALCULATION IN HYDRAULIC CIRCUIT MODEL
In the hydraulic circuit analysis model, equation 4.5 was used to calculate the mass and so
the density of the accumulated electrolysis gases inside the flash tanks. To calculate the
pressure, Peng Robinson equation of state (EOS) was applied [36]:
B Rg-T a
T u-bp v-(v+b)+b-(v->b)

where v is the molar volume, P is the pressure, T is the temperature and Rg is the gas

(4.46)

constant. )
R%-T? T
a=0.45724- Jl+x 1=/ — (4.47)
c TC
Kk = 0.37464 + 1.54226 - 0 — 0.26992 - > (4.48)
Rg-T¢
b=0.0778- (4.49)

Cc
where w is the acentric factor, and T, & P, are the critical temperature and pressure
respectively. The following table includes the used values in Peng Robinson equation of
state.

Table 4.6: O» and Hp parameters used in Peng Robinson EOS.

Parameter | Oxygen | Hydrogen | Units
Tec -118.6 -240 °C
P, 5050 1298 kPa
() 0.022 -0.22 -

SEPARATOR PROPERTIES
Some properties for Zirfon Perl separators are included in the manufacturer’s data sheet
and others are experimentally estimated and reported in literature. The following table

summarizes all these properties that were used in the models.

Table 4.7: Zirfon Perl separator properties.

Parameter Value Unit | Reference
Lsep 0.5 mm [52]
€ 0.5 - (1]
T 3.14 - [22]
K 2:10716 | m? (58]
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RESULTS AND DISCUSSION

5.1. INTRODUCTION

In this chapter, the results of the two models will be presented and analyzed. Section 5.2
deals with the transient hydraulic network model that was developed to predict the elec-
trolysis system dynamic response concerning gas production and process control. Section
5.3 presents the results of the second model that was developed to quantify the level of gas
crossover induced by the predicted behavior of the first model.

5.2. ELECTROLYSIS SYSTEM DYNAMIC RESPONSE MODEL

5.2.1. INITIAL CONDITIONS

In addition to the geometrical aspects and physical properties that were presented in chap-
ters 3 and 4, initial conditions were also implemented as a starting point of the simulations
since the model is transient. These conditions are associated with the initial values of the
various differential equations and were kept the same for all the simulated cases.

At time zero, the system was set to be calm, meaning that the liquid electrolyte velocity
is zero in all the elements (figure 4.1). The initial electrolyte level in the Oy flash tank
was set to be 6 mm above the level sensor height since the guidance for future experiments
is to fill the system with electrolyte until this sensor is wet. To have a balance and not
electrolyte movement between the two sides, the corresponding level in the H, flash tank
was set analogously by also taking into account the height difference between the two flash
tanks. The initial gas pressure above the liquid electrolyte was set to be atmospheric in
both flash tanks. The aforementioned initializations are summarized in the below table.

Table 5.1: Electrolysis system dynamic response model initial conditions. The initial velocity u was set to be zero for all the
network elements.

Parameter | Value Unit
u 0 m-s~!

ya 65 mm

V2 95 mm

Pg 1 1.01325 bar

Pg 2 1.01325 bar
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40 5. RESULTS AND DISCUSSION

5.2.2. ZEF SPECIFICATIONS

In this subsection, the results of the first model for the ZEF system specifications will be
presented. A configuration with 18 cells and 3330 A-m~2 current density was simulated.
The simulation duration was 3600 s.

FLASH TANKS GAS PRESSURE

Figure 5.1 depicts the behavior of Oy and Hp pressures in the flash tanks. With a first look,
the two different operating states are noticeable. The first state is the system’s startup,
where the pressure increases till the control point of 50 bar. At this time interval that
lasts around 386 s, only the purging valve at the Oz side (PV1 in figure 4.1) is operating to
maintain the electrolyte level above the control point of 59 mm. Subsequently, the main
operating state of the system is visible with both purging valves working to control the
electrolyte level and pressure. As will be seen later in the electrolyte level graphs, when
the pressure in the H> flash tank reaches 50 bar, PV2 valve opens and the electrolyte is
moving from O2 to Hy side. Once the level sensor in the Oy flash tank becomes dry, the
PV1 valve also opens and this simultaneous valve operation leads to a pressure drop of
around 4 bar.

(a) Oxygen flash tank gas pressure
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(b) Hydrogen flash tank gas pressure
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Figure 5.1: Overview of (a) Oz and (b) H, pressure response in the corresponding flash tanks for a simulation duration of 3600
s.

Moreover, another observable difference between the two graphs is that the pressure
drop seems to be slightly larger in the O, flash tank. A closer view focused on a valve
opening during the main operating state is included in figure 5.2 to give a better insight
of the pressure response.
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(a) Oxygen flash tank gas pressure (b) Hydrogen flash tank gas pressure
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Figure 5.2: Pressure drop and oscillatory behavior caused by the simultaneous valve opening during the main operating state
of the system in (a) O and (b) H> flash tanks.

Figure 5.2 indicates the level of pressure drop and the oscillatory behavior that is
induced right after the close of the valves. The larger pressure decrease in the Oy flash
tank that was visible in figure 5.1 is caused by the higher amplitude of the oscillation. For
the O, flash tank the maximum amplitude is around 1 bar, while for the H, flash tank,
it is 0.18 bar. This is happening probably due to the different volumes of the tanks and
the different gas production rates. For both cases, the oscillatory behavior is damping and
almost vanishes after 3 s. Another noticeable fact is a sharp and slight pressure increase in
the Hp flash tank at around 47 bar just before 1404 s. This ’disturbance’ is caused when
the Hj side valve (PV2) closes but the electrolyte control valve (PV1) is still open.

(a) Oxygen flash tank gas pressure (b) Hydrogen flash tank gas pressure
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Figure 5.3: Pressure drop caused by the electrolyte level control valve (PV1) in (a) Oy flash tank and (b) H flash tank during
the system startup at different times.

In addition to the previous graph, figure 5.3 shows the pressure drop caused in both
flash tanks from the Oy side valve (PV1) operation at different times during the system
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startup. Here the response is similar with higher oscillation amplitude for the O, tank
pressure. Furthermore, the pressure drop induced by the valve decreases in lower pressures
since the mass flow rate passing through the valve is higher for larger upstream (tank) and
downstream (environment) pressure difference.

A more general observation from figures 5.2 and 5.3 is that the higher oscillation am-
plitude of O pressure is causing an instantaneous larger pressure difference between the
two sides that reaches a maximum value of around 1.69 bar during the main operating
state. The effect of these oscillations with the fluctuating pressure difference is of high
importance for the integrity of the separators in the stack, as there is a risk of rupture [41]
with consequences for the whole system due to the mixing of the electrolysis gases that
will be caused in case of separators failure. This differential pressure between the anodes
and cathodes will be discussed in the following paragraph.

PRESSURE DIFFERENCE BETWEEN THE HALF-CELL COMPARTMENTS

The different cells of the stack are connected in series and an estimation of the absolute
pressure was made by taking the average value of the network nodes that are located
before and after the stack elements (Pa2 for anodes & Pc2 for cathodes). These nodes as
presented in figure 4.1 are 4a & 4b for the anodes and 3a & 3b for the cathodes.

1.5

0.5 -

P, - Pe, (bar)
o

15 | | | | | |
0 500 1000 1500 2000 2500 3000 3500 4000

Time (s)

Figure 5.4: Overview of the differential pressure between the anodes and cathodes of the stack in the whole simulation time
range.

Figure 5.4 illustrates the differential pressure between the half-cell compartments that
is caused by the operation of the valves. It is clear that the simultaneous valve opening
during the main operating state is responsible for high-pressure difference spikes that reach
an absolute value of 1.137 bar. It should be mentioned that this pressure difference may
be overestimated since the flow was assumed to be incompressible. Part of these pressure
gradients may be absorbed by the bubbles leading to lower values than the predicted. In
the time intervals when the valves do not operate and electrolyte flows slowly from Oy side
to Hp side, the anodic/cathodic absolute pressure difference has a very low average value
of 8 Pa (higher anodic).
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FLASH TANKS ELECTROLYTE LEVEL

Figure 5.5 shows an overview of the electrolyte level response in both flash tanks. As in the
case of the pressure response, the two operating states can be identified. Before the pressure
reaches the control point of 50 bar for the first time (at 386 s), the electrolyte level in the O
flash tank is constantly kept above the level sensor height (59 mm) and the valve operation
contributes with an average of 8 mm level rise (from 59 mm to 67 mm). It can also be seen
that the fluctuations are denser close to zero time. This indicates that during the startup
period, the Oy tank valve operates less frequently as time passes. Every time the valve
opens, the upstream O pressure is higher than in the previous opening resulting in a higher
pressure drop (as explained in figure 5.3). Therefore, more mass is lost at higher pressure
drops, but the gaseous Oy mass entering the tank, which is produced in the anodes, is the
same. This is the reason for the observed delay between the aforementioned valve opening
at the startup. At the main operating state, larger fluctuations of the electrolyte level are
observed since the two valves can operate simultaneously. Regarding the electrolyte level
in the Hy flash tank, it follows exactly the opposite direction.

(a) Oxygen flash tank electrolyte level
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(b) Hydrogen flash tank electrolyte level
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Figure 5.5: Overview of electrolyte level response in (a) Oz and (b) Hy flash tanks.

Figure 5.6 depicts a closer look at the electrolyte oscillating behavior caused right after
the Oy flash tank valve (PV1) closes during the startup period with the gas pressure being
around 29.3 bar. A maximum amplitude of 1.3 mm is observed, while the oscillating profile
is completely damped after 5 s. As mentioned before, the electrolyte response in the Hp
tank follows exactly the opposite behavior. When the O side valve opens at 224.5 s,
electrolyte is moving from Hp to O side causing a decrease (H tank) and increase (Og
tank) of the levels respectively. After the closure of the valve, the electrolyte is slower
following the opposite direction from O, to Hy side due to faster pressure increase as
described in chapter 3.

Confidential



44 5. RESULTS AND DISCUSSION

(b) Hydrogen flash tank electrolyte level

(a) Oxygen flash tank electrolyte level
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Figure 5.6: Electrolyte level response caused by the Oy flash tank valve opening during the system startup.
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Figure 5.7: Electrolyte level response by both valves simultaneous operation during the normal operating state.

Figure 5.7 illustrates a simultaneous opening of both purging valves during the main
operating state. At 1403.8 s, the pressure in Hp flash tank reaches the control point of 50
bar and so PV2 opens. This leads electrolyte to move faster from Oy to H» side resulting
in a sharp decrease of the liquid level in Oy flash tank. Once the level goes below 59 mm
(in this case happens almost instantly after PV2 opens), which is the level sensor (LS1)
height, O side purging valve PV1 opens. If after the close of PV1 (100 ms) the level is
still below 59 mm, it opens again with the same duration, as happens in this figure. This
simultaneous operation of both purging valves leads to an average pressure drop of 4 bar as
was illustrated and discussed in figure 5.2. After the valve closure, a similar to the previous
figures oscillating behavior is observed with also small amplitude and fast damping.
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FLOW IN NETWORK PIPES

Figure 5.8 illustrates the electrolyte mass flow rate and direction during the main operating
state with both purging valves closed. As can be seen, it is flowing slowly from Oy side to Hp
side under the effect of the pressure difference between the two flash tanks. Furthermore,
the electrolyte flow through the stack anodes (element Pa2) is opposite from the flow of
the produced bubbles. This was expected since the buoyancy effect of the bubbles was not
considered in the model derivation and the pressure difference between the two flash tanks
was assumed to be the driving force. The electrolyte flow rate through the mixing pipe P3
is on average 2.19-107% kg-s~! with a direction to the Hy side. Moreover, when valve PV2
opens to control the pressure, larger Oy flow rates entering the Hp side are expected since
O, was already flowing towards that direction (see figure 5.18). Dissolved Ha, flows to the
07 side through the mixing line only when the electrolyte control valve (PV1) operates.
The crossovers will be discussed in section 5.3.

1.27-10 ' kg-s ‘l Il.ss-m Tkg.s7t

2.19-10 kg s

Figure 5.8: Electrolyte flow in the network during the main operating state when the valves are closed and fluctuations caused
by oscillations are damped.

Figure 5.9 illustrates the pipe mass flow rate response caused by the O, flash tank
valve (PV1) opening during the startup period (at the same time interval as in figure 5.6).
For comparative purposes, the two branched flow nodes (3 & 4) of the network are used.
Thus, as depicted in figure 5.8, the Oy side node 4 is associated with elements P1, Pal and
P3. Similarly, the Hy side node 3 connects P3 to elements Pcl and P2. The positive and
negative values of the flow rates indicate the flow direction as it was set in the mathematical
model derivation and illustrated in figure 4.2.

As can be seen in figure 5.9, the valve opening triggers a maximum instantaneous flow
rate of 0.07 kgs™! at the mixing pipe P3. At node 4, the flow splits to 0.038 kg=s~!
through element P1 and 0.032 kg-s~! through element Pal. At node 3 respectively, a flow
of 0.042 kg-s~! through element P2 and 0.028 kg-s~! through Pcl mixes to element P3. The
electrolyte flow through the stack cathodes (flow rate in element Pcl) is counter-current
from the bubbles flow when the PV1 valve is triggered. As in the previous graphs related
to pressure and electrolyte level response, the oscillatory behavior is almost completely
damped after 5 s. These spikes of flow rate are important since trigger the mass transport
of dissolved Hp towards the Oy side through the mixing element P3 during the system’s
startup.
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Figure 5.9: Mass flow rates through the elements that are branched in (a) node 4 and (b) node 3 as caused by the O, flash tank
valve opening during the system startup. The negative values indicate an opposite flow direction from that illustrated in
figure 4.2.

Figure 5.10 illustrates a similar mass flow rate response over a simultaneous opening of
both purging valves during the system’s main operating state (at the same time interval
as in figure 5.7). Here, the effect of the O side valve (PV1), which opens right after the
other valve (PV2) to control the electrolyte level, is visible. Firstly, when the pressure
control valve (PV2) opens, flow is forced towards the Hp flash tank with a maximum rate
of 0.068 kg-s~! in element P3. The simultaneous twice opening of electrolyte control valve
PV1 causes an enhanced backward instantaneous flow rate of 0.094 kg-s™! in element P3
towards the O side.

o1 (a) Node 4 01 (b) Node 3
’ ——element P1 ’ ——element P2
element P3 element P3
0.08 element Pal | 0.08 element Pcl|q
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Figure 5.10: Mass flow rates through the elements that are branched in (a) node 4 and (b) node 3 as caused by the
simultaneous valve opening during the main operating state of the system. The negative values indicate the opposite flow
direction from that presented in figure 4.2.
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5.2.3. DIFFERENT CURRENT DENSITIES

In subsection 5.2.2, the transient dynamic response of the ZEF electrolysis system operating
at the target current density of 3330 A-m~2 was characterized. Here, the effect of different
current densities will be discussed.

As described in chapter 3, the examined electrolysis system is self-pressurized, meaning
that the operating pressure increases due to the continuous O2 and H» evolution in the stack
cells. The produced gases are released at the electrodes in bubble form, driven to the flash
tanks where are separated from the liquid electrolyte and finally accumulated at the top
side of the flash tanks and in the buffers. The gases production rate was calculated using
Faraday’s theoretical equations 2.7 & 2.8, which depend on current density. Therefore,
for the same electrode surface area, the rate of gas production increases at higher current
densities. For the ZEF system, this means that the pressure build-up is slower as the
current density decreases resulting in longer startup periods, slower electrolyte movement
when the purging valves do not operate and consequently less frequent valve opening.

Table 5.2: Effect of current density on the produced gases mass flow rate and system’s startup duration.

j(A-m™2) | 1ng, (kg-s™!) | ry, (kg-s7!) | Startup duration (s)
500 4.728-1076 5.910-1077 2568
1000 9.456-1076 1.182-1078 1297
2000 1.891-107° 2.364-1076 645
3000 2.837-107° 3.546-1076 430
4000 3.782-107° 4.728-1076 321
5000 4.728:107° 5.910-1076 259

Table 5.2 shows how the varying current density affects the electrolysis system startup
duration. As expected, the pressure build-up period is higher at larger current densities,
with 4.3 min duration at 5000 A-m~2 and almost 10 times longer period at 500 A-m™2 (42.8
min). The small divergence from linearity can be explained by the difference in the valve
opening frequency. The rest parameters (gas pressures, electrolyte level, mass flow rates)
present similar response with the already included in subsection 5.2.2 results for the ZEF
target current density, with similar amplitudes and oscillating behavior. Consequently, the
effect of current density concerning the system’s dynamic response is mainly detected on
startup duration and valve opening frequency. In the following section, the effect of current
density on gas crossovers will also be presented and discussed.

5.3. CROSSOVERS MODEL

5.3.1. INITIAL CONDITIONS AND NUMERICAL SCHEMES NODES NUMBER

The model developed to estimate the level of gas crossovers uses data from the output of
the first hydraulic network model. Therefore, the initial conditions for the pipe velocities,
electrolyte level in the flash tanks (and thus gas and liquid volumes) and gas pressures
mentioned in table 5.1 hold also for this model.

The rest parameters that were initialized are the O, and H» concentrations at the
various model’s elements as are depicted in figure 4.4. For all the spatial discretized
elements (P1, P2. Pal, Pcl and separator), the concentrations of both O, and Hp at the
internal nodes were initially set to be zero. The same value was also set at the two tee
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sections. Table 5.3 includes the initial concentrations at the two CSTR, which are also the
edge values of the corresponding connected elements as described in chapter 4.

Table 5.3: CSTR component concentrations initial values for the crossovers model.

Parameter | Value Unit
€0,,cSTR1 | 0.0615 mol-m™3
-3

CH,,CSTR1 0 mol-m
€0,,CSTR2 0 mol-m~3
CH,,CSTR2 0.09 mol-m~3

For CSTR 1 that includes the stack anodes, pipe Pa3 and the O, flash tank, the initial
O, concentration was set equal to its solubility at 1 bar (initial gas pressure) and similarly
for Hy in CSTR 2 (stack cathodes, pipe Pc3 and H, flash tank). Moreover, initially, no
trace of O» and Hp was assumed at the opposite side (CSTR 2 and CSTR 1 respectively)
setting these concentrations to zero. At the edges of the separator, the concentrations of
the corresponding sides were set equal to the solubilities multiplied by a supersaturation
factor that varied in a range of 1-50 for both components.

Since the advection-diffusion equation was solved numerically using the Finite Differ-
ence Method, a 'nodal number’ dependence study was conducted to ensure the accuracy
of the final solution. The same number of nodes was used for the elements representing
the pipes of the network and a different selection was made for the separator. This nodal
dependence study can be found in appendix B.2. The final selection was 300 nodes for the
pipes and 200 for the separator.

5.3.2. ZEF SPECIFICATIONS

A first study on the gas crossovers was conducted for the ZEF target current density of 3330
A-m™2. As mentioned in section 2.4.2, the local supersaturation phenomenon happening
at the electrode boundary layer that is responsible for larger molar fluxes through the
cell separators was taken into consideration by using an enhancement factor (SF) of the
dissolved gases solubility at the separator edge nodes in both CSTR. The same factor
was assumed for both H, and Oy. Considering the complexity of the ZEF system with
the continuously fluctuating pressures and flows, the model simplifications that could not
take accurately into account the local mass transfer phenomena inside the half-cells (CSTR
assumption) and the lack of wide research on supersaturation to formulate a reliable model
(wide range of current densities, temperatures, pressures and materials), the use of a fixed
supersaturation factor aims to provide a preliminary view of the enhanced crossovers caused
by the possible level of this phenomenon.

NEGLECTING SUPERSATURATION

Figure 5.11 presents the gas and liquid H» content in O tank (CSTR 1) in the whole
simulated period by firstly neglecting the electrolyte supersaturation (SF=1). A first look
at the chart indicates an almost linear increase during the first 500 s. This is logical con-
sidering that this time interval includes the startup period of the system (386 s) when only
the valve in the Oy flash tank operates frequently causing, as viewed in figure 5.9, higher
mass transfer to the Oy side through the pipes. Apart from that, the pressure increase in
the flash tanks over this period causes higher dissolved component concentration and thus
enhanced mass fluxes both through the separators and the pipes. More specifically, the
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H, solubility increases linearly from 0.09 mol-m™3 at 1 bar to almost 4.5 mol-m™3 at 50
bar (figure 4.9). After the first 500 s, the Hy content increases slower up to 1500 s when it
seems to reach a steady average value of 0.1154 mol% in the gas phase and 0.1687 mol%
in the liquid phase, values much lower from the LEL of 5.3 mol% H> [47].
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Figure 5.11: Gas and liquid H» content in the O, side (flash tank + half-cells) during the whole simulating period and without
electrolyte supersaturation.
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Figure 5.12: Gas and liquid O, content in the H, side (flash tank + half-cells) during the whole simulating period and without
electrolyte supersaturation.

A similar curve for the Oy content in Hy tank (CSTR 2) is depicted in figure 5.12. In
this case, the difference in the rate of molar fraction increase between the startup and the
main operating state is visible. During the startup, O2 reaches the opposite side through
the separators and the mixing line (element P3) at the time intervals when the electrolyte
level control valve (PV1) does not operate. After the first 386 s (startup) when the pressure
control valve (PV2) starts operating, higher mass transfer is forced towards the Hp side
resulting in a higher dissolved O, transfer through the pipes. As in the case of H» crossover,
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the Oy content in the H> side tends to stabilize after 2000 s and fluctuates under the effect
of the purging valves opening with an average value of 0.0169 mol% in the gas phase and
0.0116 mol% in the liquid phase. This means a Hy purity of more than 99.9 mol% that is
much higher than the UEL of 95 mol% [47].

Making a comparison between figures 5.11 and 5.12, it is clear that by neglecting the
supersaturation effect, the induced gas crossovers in the context of the ZEF electrolysis
system are very low in both flash tanks without a risk of falling into the explosive limits of
Hy & Oy mixtures. Moreover, the different rate of increase and the final almost steady level
of content between the two gases are noticeable with Hy crossover increasing faster and
having a higher content during the main operating state. The higher level of Hy crossover,
which is also reported in literature [22], [45], is attributed to several reasons. Firstly,
H> has higher molecular diffusivity in aqueous KOH solutions compared to O2 (see table
4.4), which results in higher diffusive fluxes through the separators of the cells and the
piping system. Furthermore, as mentioned before, the Hy quantity produced in the stack
cells is twice larger than the O2. Apart from these physical reasons, for the specific ZEF
electrolysis system, Hp is forced faster through the piping system to the O side during the
startup due to the Oy flash tank valve operation.

SUPERSATURATION EFFECT

Figure 5.13 illustrates how the gaseous H» content in Oy flash tank is affected by imple-
menting at the edges of the cells separators a supersaturation factor (SF) up to 50 times
greater than the solubility. It is evident that this phenomenon can have a strong enhancing
influence on the Hy crossover as an SF increase by 10 induces around 1% higher content.
Consequently, when the supersaturation of H is 50 times greater than the solubility, the
model predicts a content of 5.2 mol% Ha in the Oy flash tank that is slightly below the
LEL of 5.3 mol%.

—SF=1
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Gaseous Hy in O, side (mol%)
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T
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Figure 5.13: Gaseous H, content in the O side during the whole simulating period and as a function of supersaturation (SF
varies between 1 and 50).

Figure 5.14 illustrates the effect of supersaturation for the case of Oy crossover. An
increase of SF by 10 induces around 0.1% higher content, which is significantly lower in
comparison to the corresponding Hy increase that was observed in figure 5.13. Furthermore,
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for SF=50, the O, molar fraction does not impose a risk for explosive mixture, since the
Hy purity is predicted to be 99.41%.
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Figure 5.14: Gaseous O; content in the H» side during the whole simulating period and as a function of supersaturation (SF
varies between 1 and 50).

Table 5.4 summarizes the electrolysis gases stabilized average contents in the opposite
side tank during the main operating state and for different supersaturation factors as were
presented in figures 5.13 and 5.14.

Table 5.4: Results of the average stabilized gases content in the opposite side tank for increasing supersaturation factor (SF).

Parameter SF=1 SF=10 | SF=20 | SF=30 | SF=40 | SF=50
Hy in Oy (mol%) 0.1154 1.1049 | 2.1750 | 3.2154 | 4.2275 | 5.2123
09 in Hy (mol%) | 0.01693 | 0.1207 | 0.2365 | 0.3528 | 0.4696 | 0.5868

5.3.3. CROSSOVERS BREAKDOWN

In this subsection, a breakdown of the induced crossovers will be presented to identify which
mass transfer mechanism dominates. This will be done firstly for the cells separators,
to investigate if the pressure spikes caused by the operation of the valves (figure 5.4)
induce high convective flows that dominate over the diffusive. Furthermore, the crossover
contribution through the stack separators will be compared to the one induced by the
mixing electrolyte cycles.

MOLAR FLOW RATE THROUGH THE SEPARATORS

Figure 5.15 compares the total Ho convective and diffusive molar flow rates that enter the
0O, side through the 18 separators of the stack by neglecting the supersaturation effect
(SF=1). It is clear that diffusion is dominant in the whole operating window of the sys-
tem. The opening of the valves is causing instantaneous fluctuations in both convective
and diffusive contributions. When the valves are closed and the oscillations damped, the
convective contribution is practically zero (8 Pa pressure difference as discussed in figure
5.4), while diffusion causes an average molar flow rate of 1.08 pmol-s~1. The fluctuations
of the diffusive contribution are caused by the convection term since the back and forth
mass movement is causing locally higher or lower concentration gradients.
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Figure 5.15: Total H, molar flow rate that enters the O side (CSTR 1) through the separators of the cells due to convection
and diffusion.

Similarly, figure 5.16 depicts the O molar flow rate contribution of convection and
diffusion that enter the Hp side through the separators without the effect of supersaturation.
As in the case of Hy crossover, diffusive flow rates are higher than convective except for
some amplitudes caused by the valves during the main operating state. When the valves
are closed and oscillations damped, the average diffusive flow rate is 0.225 pmols™! and
the pressure driven convective is insignificant.
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Figure 5.16: Total O, molar flow rate that enters the Hy (CSTR 2) side through the separators of the cells due to convection
and diffusion.

Comparing figures 5.15 and 5.16, the Hy crossover molar flow rate through the separa-
tors is higher as was shown and expected by the previous graphs (5.11 & 5.12). In both
cases, the diffusion mechanism of mass transport dominates with a greater influence on Hp
crossover (reasons already explained). The convective mechanism enhances the crossover
of both components when the operation of the valves is causing pressure gradients between
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the half-cell compartments. The maximum share of the convective mechanism during these
pressure gradients is around 13% for Hp and 26% for O, compared to the total crossover
flow rate.

The influence of the mass transport mechanisms is also indicated with the dimensionless
Péclet number [25], which is widely used to characterize both heat and mass transport
phenomena and is defined as the ratio of the convective transport rate over the diffusive
transport rate.

u-L
‘D
where u is the flow velocity, L is the characteristic length and D is the diffusion coefficient.
For the flow through the separators, L is the thickness of Zirfon Perl membrane (0.5 mm)
D is the effective diffusivity of Hy or Oz (eq. 2.11), while the velocity u is calculated from
the Darcy equation (eq. 2.16). Table 5.5 presents the maximum Péclet values that are
caused during the main operating state of the system and the minimum values when the
valves are closed.

Pe = (6.1

Table 5.5: Effective diffusivity of H» and O in Zirfon Perl separators and Péclet number for the maximum and minimum
pressure gradients between the half-cell compartments.

Component | D*f(m?.s71) | maxPe | min Pe
H 1.115-1079 25.5 0.002
(0] 0.366-1079 77.6 0.006

The Péclet number values in the above table reflect the molar flow rates presented in
figures 5.15 and 5.16. When the valves are closed and the pressure difference between the
anodes and the cathodes is insignificant, the Péclet number gets its minimum value for
both components, with Pe«1, meaning that the mass transport is almost purely diffusive.
When the pressure difference gets its maximum value (1.137 bar in figure 5.4), the Pe
number is also maximized indicating the effect of convection. Moreover, the maximum
Pe for Oy mass transport is 3 times higher than the one for H,. This difference can be
seen in the aforementioned molar flow rate figures, where the 'gap’ between the convective
and diffusive contributions for H> is larger than for O, reflecting the lower share of Hp
convection to the total flow rate.

In the previous crossovers breakdown analysis, the effect of supersaturation was ne-
glected. If it is taken into account, the molar flow rates are proportional to the supersat-
uration factor (SF), since the concentration at the separator edges (equal to the solubility
of O at the anodes and H» at the cathodes) is multiplied by this factor. Therefore, the
flow rate response depicted in figures 5.15 and 5.16 will be enhanced by the used SF.

MOLAR FLOW RATE THROUGH THE PIPES

In this paragraph, the molar flow rate of the dissolved components entering the opposite
side tanks will be presented. Based on figure 4.4, element P3 is the mixing tube letting
dissolved components move towards the opposite side tank. Thus, dissolved saturated
0> can exit from CSTR 1 through elements P1 and Pal, ending up to CSTR 2 through
elements P2 and Pcl. Exactly the opposite route holds for the dissolved Hy. When the
valves are closed, as shown in figure 5.8, liquid electrolyte is moving slowly from O, side
to Hy side. So, higher concentrations of Oy are expected to pass through P3 and end up
in elements P2 and Pcl. On the contrary, H> is driven to the Oy side via mixing pipe P3
when the electrolyte level control valve (PV1) operates.
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Figure 5.17 illustrates the total H, molar flow rate that enters the Oy side through
elements P1 and Pal. As can be seen, during the startup (first 386 s), the highest instan-
taneous molar flow rates are on average less than 1 ymols~! and are caused by the O side
valve operation (PV1), which opens to control the electrolyte level. After around 500 s,
when the system is in its main operating state, large variations are observed. These flow
rate spikes that reach a maximum value of around 28.5 pmol-s™! are caused by the fact
that the electrolyte level control valve (PV1) opens often two times in a row to oppose the
level decrease caused by the opening of the pressure control valve (PV2) on the Hj side.
These consecutive openings let higher quantities of Hy contaminate into the Oy side. This
effect was also depicted in figure 5.10.

Comparing the Hp molar flow rates through the pipes to these through the separators
(figure 5.15), for negligible supersaturation (SF=1) it can be said that these flow rate spikes
caused by the response of the valves are quite significant, since can become up to 17 times
larger than the same spikes observed for the separators. However, when the valves are
closed and the electrolyte is flowing slowly towards the H» side, the Hy crossover is com-
pletely affected by the mass transport through the separators. If a higher supersaturation
factor is used, the flow rates through the pipes do not change, since the concentration of Hp
inside the corresponding CSTR tank (at the bulk) will still be equal to its solubility (su-
persaturation was considered to enhance the concentration at the edges of the separators).
Consequently, as discussed before, the proportional increase of mass transport through the
separators due to higher supersaturation factors will make the effect of H» crossover due
to mixing less significant.
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Figure 5.17: Total H» molar flow rate that enters the O, side (CSTR 1) through elements P1 and Pal.

On the other hand, figure 5.18 depicts the total O» molar flow rate that enters the Hy
side through elements P2 and Pcl. Here, the system startup state can be also clearly seen.
0, is slowly flowing and entering the opposite side with an small average molar flow rate
of 0.01 pmol-s~!. However, this slow movement that happens continuously between the
valve openings forces higher Oy concentrations to elements P2 and Pcl. This fact becomes
visible during the main operating state when the pressure control valve (PV2) at the H»
flash tank opens forcing instantaneous high flow rate spikes that reach a maximum value
of 75 pmol-s™!. These observed spikes are higher compared to these of Hp in figure 5.17
for the reason mentioned above.
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Comparing figure 5.18 to the Os flow rates entering the H» side from the separators
(figure 5.16 for SF=1), it is observed that the flow rate spikes through the pipes (P2 and
Pcl) can be up to 140 times larger than these of the separators indicating the significance
of the mixed electrolyte cycles for the O, crossover. However, as shown in figure 5.14,
the gaseous Oy content inside the H flash tank is unlikely to impose a risk for explosive
mixture even when a high supersaturation factor is applied.
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Figure 5.18: Total O, molar flow rate that enters the Hy side (CSTR 2) through elements P2 and Pcl.
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Figure 5.19: Molar flow rates caused by a simultaneous valve operation during the main operating state. (a) depicts the Oy
flow rate that enters the Hy side (CSTR 2) through elements P2 and Pc1, while (b) depicts the flow rate of H, entering the O,
side (CSTR 1) through P1 and Pal.

Figure 5.19 depicts the molar flow rates of dissolved O» and H, that enter the opposite
side tank through the pipes, focused on a simultaneous operation of the control valves.
Firstly the pressure control valve (PV2) opens forcing the electrolyte to the hydrogen
side, which causes an O, flow rate spike of 60 pmol-s_l. The consecutive openings of the
electrolyte level control valve (PV1) causes higher movement of H» to the O2 side reaching
10 pmol-s_IA As can be seen, the width of the Hy flow rate spike is larger than that of Oy
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indicating the longer PV1 valve opening duration.
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Figure 5.20: Induced velocity profile through the mixing line (element P3) by a simultaneous valve opening.

Figure 5.20 illustrates the flow velocity profile in the mixing line induced by the simul-

taneous operation of both valves (same time interval as in fig. 5.19). At 1803.5 s, just
before the pressure control valve (PV2) opening, the flow velocity is -0.013 m-s~! (direction
towards the Hj side). The positive velocity indicates that the flow is moving towards the
0> side. The marked time points are used in figure 5.21, which depicts how the O» and H»
spatial concentration profiles in the mixing line are affected by the operation of the valves.
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Figure 5.21: Spatial concentration profiles of (a) O» and (b) H in the mixing line (P3) at the time points marked in figure 5.20.

The mixing line (element P3) connects the Hy side (x =0 cm) to the Oy side (x =24 cm).
In figure 5.21, the blue line in (a) and (b) shows the concentration profile of O, and Hp
respectively, just before the pressure control valve (PV2) opening. The effect of the PV2
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operation is shown by the red line where the flow is forced towards the Hy side resulting in
a higher Oy presence in the mixing line. The opposite behavior happens when the flow is
forced towards the Oy side by the PV1 valve operation (green line). The black (1804.32 s)
and purple (1804.45 s) lines indicate the mass movement caused by the first two oscillations
after the closure of PV1, while the light blue line (1808 s) shows the concentrations profile
when the oscillations have almost vanished. The dashed black line (1829 s) presents the
concentrations just before the next operation of the valves. As can be seen, at that time
point, both concentrations are almost equal to these at the previous opening of the valves
(1803.5 s - blue lines).

5.3.4. DIFFERENT CURRENT DENSITIES
In this paragraph, the effect of the current density on the crossovers will be investigated.
The current density was varied in the range of 500 - 5000 A-m~2, while for consistency in
the results and comparison to literature trends, the same supersaturation factor (SF) of
10 was applied for both O and H».

Figure 5.22 illustrates the level of gaseous Hy content in the O, flash tank for different
operating current densities. The presented contents are the average stabilized values during
the main operating state of the system.

Gaseous Hy in Oy side (mol%)

L L L L
0 1000 2000 3000 4000 5000 6000
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Figure 5.22: Gaseous Hy content in the O tank as a function of current density and for supersaturation factor SF=10. The
lower explosive limit of 5.3 mol% H» and the safety limit are also visible.

The main observable trend is that the decrease of current density induces higher Hj
content. This behavior has been experimentally observed in literature [58], [21] and hap-
pens because at lower current densities, less O» is produced (see table 5.2) to dilute the
Hy that crosses over resulting to higher H» content in the Oy side. Moreover, from the
examined current densities, when the system operates at 500 A-m~2, the gaseous mixture
in the Oy flash tank falls into the explosive limits with 6.54 mol% H,. However, in many
industrial applications, a 50% of the lower explosive limit is permitted to be reached for
safety reasons and thus the shutdown limit is set to 2.65 %mol Hp [58]. This means that
the examined system can operate safely above 1500 A-m™2 for a supersaturation factor
of 10. Having a look at table 5.4 where the crossovers for the target current density and
increasing supersaturation factors are summarized, it can be seen that from SF=30 and
above, the Hy content falls above the safety limit of 2.65 mol%. Combining this informa-
tion with the trend shown in figure 5.22, it can be concluded that the supersaturation is
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an important phenomenon for the H» crossover since at high levels it leads to an explosive
mixture posing risk for the safe operation of the system. Also, it will be unsafe to run the
system below the target current density if SF>30.
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Figure 5.23: Gaseous O; content in the Hy tank as a function of current density and for supersaturation factor SF=10.

A similar trend is observed for the gaseous O content in the H, flash tank, which is
presented in figure 5.23, but to a much lower extent. Even at low current densities, the Ho
purity remains much higher than the upper explosive limit of 95 mol% Ha (5 mol% O») for a
supersaturation factor of 10. But as shown in table 5.4, even with higher supersaturation,
an explosive mixture is unlikely to be formed inside the O, flash tank. Consequently,
0, crossover is of minor importance and the contamination of Hy inside the O, side is
the dominating phenomenon posing risks for the safe operation of the system as is also
discussed in literature [58], [22], [21].

5.4. SUMMARY AND DISCUSSION ON THE MODELS

The main target of this project was to characterize the transient dynamic behavior of the
ZEF experimental alkaline electrolysis system and predict the level of gas crossover under
the company’s specifications. For this scope, two different models were developed.

For the first task, an unsteady hydraulic circuit analysis was applied by treating the
system as a network consisting of elements (pipes, flash tanks, half-cell compartments)
and nodes. The system is self-pressurized, meaning that it starts operating at atmospheric
pressure and the gases that are produced in the stack accumulate inside the closed flash
tanks and buffers, increasing gradually the pressure. This pressure increase is faster in
the O flash tank since it is designed smaller forcing the electrolyte to the Hp side. The
electrolyte is moving through the network elements due to natural effects because pumps
are not used in the system. Two forces are acting on the electrolyte. The first is caused by
the differential pressure between the two flash tanks and the second is the buoyancy caused
by the evolution of the bubbles inside the half-cells. The effect of buoyancy was neglected
to reduce the complexity of the transient model and was assumed that the electrolyte
flow is completely affected by the differential pressure between the two sides. Thus the
evolving gases were considered to accumulate inside the flash tanks at the same rate that
are produced. This assumption is shown in figures 5.8, 5.9, 5.10 with the electrolyte flowing
slowly at the opposite direction of the anodic bubbles when the valves are closed and when
the Hp side pressure control valve (PV2) is triggered. Furthermore, the electrolyte flow is
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opposing the cathodic bubbles when the level control valve (PV1) opens. As mentioned in
the results, during these valve openings the differential pressure can instantly become very
high (1.69 bar) causing large electrolyte mass flow rates. At these moments the electrolyte
may draw bubbles out of the half-cells (even anodes or cathodes) and lead them through
the pipes to the opposite side flash tank enhancing a lot the crossovers if it is considered
that the pressure spikes caused by the valves happen in seconds time scale and the system
operates in hourly time scale.

The results of the first model, which was developed in Simulink (gas and liquid volumes
in the flash tanks/buffers, pipe velocities, pressures in relevant nodes), were used as inputs
in the second MATLAB model to predict the level of crossovers induced by the electrolysis
system operation. It should be mentioned that the two models are not 'mass conservative’.
This means that the models could not run in parallel, so the pressure change that is caused
i.e. in Oy flash tank by the crossed over H» (and also O that leaves through the separators)
was not part of the first model and the same holds for the Hy flash tank. According to
the aforementioned and taking into account the higher H» crossover compared to O, (as
presented in section 5.3.2), the gas mixture pressure in the Oy flash tank of the crossovers
model is greater than the same pressure of the first model. Similarly, the pressure in the Hp
tank is lower. Furthermore, these differences are larger at higher supersaturation factors
since the crossovers are larger. The following table depicts the aforementioned pressure
differences between the two models during the main operating state.

Table 5.6: Crossovers model pressure in O, and Hy flash tank compared to the hydraulic circuit model pressures.

Tank SF=1 | SF=10 | SF=20 | SF=30 | SF=40 | SF=50
Oy tank (bar) | +0.6 +1.03 +1.48 | +1.9 +2.34 +2.76
Hj tank (bar) -0.9 -1.1 -1.28 -1.51 -1.71 -1.92

Consequently, under these conditions, the analysis of the crossovers model should be
considered preliminary. Even if the crossovers could be implemented in the first model,
the result would have been a slightly more often valve opening without significant effects
on the dynamics and probably an earlier stabilization of the crossovers curve. So, the
model gives an insight into the level of contamination in both flash tanks, the contribution
of the mass transfer mechanisms and indicates the importance of supersaturation on the
electrodes boundary layer.

5.5. COMPARISON WITH PRELIMINARY EXPERIMENTAL DATA

This section includes a comparison of the thesis results with experimental data from the
ZEF bunker twin setup, which was ready for testing at the final stage of the project. Some
preliminary data were provided by the company to compare with the predicted results
from the models.

The current setup implements a stack of 3 cells and the available experiment was
conducted for a current density of 2000 A-m~2. For this reason, additional simulations
were done to match the geometry aspects of the stack in the experimental setup. The
available data for comparison are the measurements of the gas pressure and the opposite
side gas content inside the buffers.
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Figure 5.24: A comparison of the gas pressure in the H» tank between the model (red line) and the experimental setup (blue
line).

Figure 5.24 presents a comparison between the predicted from the model gas pressure
response in the Hy flash tank/buffer and the measured response from the experiment. As
can be seen, the model estimates a shorter startup period of around 65 min compared to
the experiment where the pressure of 50 bar is reached after 109 min. This was expected
since in the model all the produced gas is ideally accumulated in the flash tanks. Moreover,
some large pressure drops can be seen in the experimental data both during the startup
(when the pressure reaches 30 bar and 40 bar respectively) and the main operating state
(between 100 and 200 min). These pressure drops are not part of the normal operation of
the system and are caused by the intentional opening of both purging valves at a larger
duration than the specified (100 ms) for testing of the gas sensing system. This means that
the real startup duration will be at least 10 min shorter. A steady profile of the pressure,
which can be compared with the model is reached after 200 min.
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Figure 5.25: A closer view of the H, tank pressure drop profile caused by the operation of the valves as measured in the
experiment (a) and predicted by the model (b).
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Figure 5.25 shows a closer view of the gas pressure profile in the H tank for both
experiment and model. As can be seen, the total pressure drop induced by the operation
of the valves is almost at the same level with around 3.9 bar measured in the experiment
and 3.75 bar predicted by the model. Moreover, the time interval between two consecutive
valve openings is 7.1 min in the experiments while a 4.4 min duration is predicted by the
model, which is as expected shorter. An oscillatory behavior can not be clearly seen from
the experimental data because the sampling time is at the time-scale of seconds (with an
average time difference between the samples of 1.16 s) and the predicted amplitudes are in
the time-scale of milliseconds. The gas pressure in the Oy tank has a similar response and
the pressure difference between the two tanks fluctuates with an average value of 0.04 bar
(higher in the O, tank).

A gas purity sensing system is also installed in the buffers of the experimental setup.
Figure 5.26 illustrates some measurements taken in the time interval of 230-320 min.

T
——H, in Oy tank
181 Oy in Hy tank| |

Gaseous content (mol%)

230 240 250 260 270 280 290 300 310 320
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Figure 5.26: Experimental data for the gaseous Hy and O, content in the opposite side tank.

As can be seen in the above figure, the Hy crossover is higher than that of Oy and both

seem to have reached a stable behavior with an average content of 1.63 mol% and 0.41
mol% respectively.

Table 5.7: Predicted gases content in the opposite side tank for increasing supersaturation factor (SF).

Parameter SF=1 | SF=10 | SF=20
H> in Oy (mol%) 0.18 1.68 3.28
0, in Hy (mol%) | 0.025 | 0.18 0.35

Table 5.7 includes the gases stabilized average contents in the opposite side tank for in-
creasing supersaturation factor as are predicted by the model (for 3 cells and 2000 A-m_z).
Comparing the measured contents to the model predictions, it seems that a possible inten-
sity of supersaturation is between 5 and 15 times higher than the solubility of the compo-
nents. Moreover, the model probably underestimates the crossover of O» and overestimates
that of Hy. One possible reason is that more O, is forced due to the pressure-driven con-
vection through the separators of the cells when the valves are closed. The experimental
setup does not yet implement pressure sensors to the stack for a better insight of the differ-
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ential pressure between the anodes and the cathodes. However, the recorded gas pressure
difference in the buffers shows larger values than the predictions of the model when the
valves are closed and thus, it is possible that a higher pressure in the anodes would enhance
the mass transport of Oy to the cathodes and limit that of H, to the anodes.

It should also be mentioned that another factor that has an impact on the crossovers
is the operating temperature. The Henry constants that are used in the model are cal-
culated for the target operating temperature of 90 °C. However, the experimental system
does not have insulation yet and the average electrolyte temperature that was recorded is
around 35 °C. The solubility of dissolved gases in electrolyte solutions decreases at higher
temperatures [28]. Thus, at 35 °C more Oz and Hp will be dissolved in the aqueous KOH
electrolyte enhancing the crossovers.
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CONCLUSIONS

The purpose of this thesis was to characterize the transient dynamic response of the ZEF
alkaline electrolysis system and predict the level of gaseous cross-contamination. For this
scope, the study was conducted using two models. This chapter summarizes the main
conclusions that derive from the analysis of the results.

6.1. ELECTROLYSIS SYSTEM DYNAMIC RESPONSE

A first simulation was conducted in Simulink for the system operating at the target current
density of 3330 A-m~2 with a duration of 3600 s. The main observations and conclusions
regarding the pressure response are the following:

The startup, which is the pressure build-up period, lasts around 6.5 min. In the
real system, this duration is longer (as observed in the experimental data) since the
model assumes that ideally, the evolving gases accumulate in the flash tanks at the
same rate that are produced.

During the startup, only the valve PV1 opens every time the electrolyte level in
the Oy flash tank falls below 59 mm and as the gas pressure increases, it operates
less often. The maximum pressure difference induced during the startup is 1.12
bar between the flash tanks and 0.76 bar between the half-cell compartments (stack
anodes-cathodes).

The main operating state is the period when the system has reached the target
pressure of 50 bar and both purging valves operate to control the process. The
model predicts that both valves open frequently at the same time leading to a total
pressure drop of around 4 bar on both sides, with consecutive openings of valve PV1
to effectively control the electrolyte level. At these time intervals, the maximum
pressure difference between the gases in the flash tanks reaches 1.69 bar, while a
1.137 bar pressure gradient is estimated between the half-cells.

When the control valves are closed and the flow is moving slowly inside the stack
and the pipes, the differential pressure between the half-cells is balanced and slightly
higher in the anodes.

It is observed that the gas pressure response right after the closure of the valves in
the Oy side is more oscillatory with higher maximum amplitude compared to the
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gas pressure response in the H» side. Furthermore, the oscillations are completely
damped after an average time interval of 4 s. In the real system, a higher damping
effect is expected if it is taken into consideration that the exact geometry of the stack
was not implemented and also a simpler model for the friction estimation was used,
where the instantaneous flow acceleration contribution on the friction was neglected.

e The differential pressure spikes caused by the operation of the control valves are
identified as the main problem threatening the integrity of the system. The high-
pressure difference in combination with the oscillating response right after the valves
closure may damage the separators of the cells and increase the risk of rupture. In
that case, the anodic solutions will mix with the cathodic increasing dramatically
the cross-contamination of both sides leading the whole system to fail.

The predicted pressure response from the model was also compared to preliminary
experimental data for a stack of 3 cells operating at the current density of 2000 A-m~2.
The model under-predicts the startup period as expected. The pressure drop induced by
the operation of the valves shows good agreement with the experiment. A conclusion for
the oscillatory behavior can not be made since the sampling period was longer than the
time-scale observed in the model.

Regarding the electrolyte flow in the system, the following observations and conclusions
are made:

e When the valves are closed, the electrolyte moves slowly towards the Hy side with
the flow been counter-current to the direction of the evolving bubbles in the anodes
and the same happens also when the pressure control valve (PV2) opens and the
flow is forced faster to the Hy side.

e A similar back-flow response that opposes the bubbles evolution direction is observed
at the cathodes when the electrolyte level control valve (PV1) operates.

e The predicted electrolyte back-flow through the anodes when the valves are closed
may not be valid since the effect of the emerged bubble swarm on the flow was not
modeled. However, the operation of the control valves can cause such back-flows in
both half-cell compartments leading the bubbles out of the stack from its bottom
channels. Consequently, it is possible that some bubbles can end up through the
pipes to the opposite side enhancing the crossovers.

The response of the electrolysis system was also simulated for different current densities
in a range 500-5000 A-m~2. The gas evolution rate increases in higher current densities
affecting both the startup duration and the frequency of valve opening. Consequently, at
lower current densities, the startup period is longer and the valves operate less often since
the pressure build-up is slower. The induced pressure and electrolyte level fluctuations due
to the operation of the valves are predicted to be at the same level independently of the
current density.

6.2. CROSSOVERS

The crossovers model was developed using MATLAB to examine how the induced flow and
pressure response affects the mass transport of dissolved O, and H» to the opposite side
both through the separators of the half-cell compartments and the mixing line. The exam-
ined physical mass transport mechanisms were diffusion and pressure-driven convection.
In addition to these, the effect of the local electrolyte supersaturation phenomenon was
quantitatively taken into consideration with the form of an enhancement factor applied
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to the separator boundaries (for Oz in the anodes and Ha in the cathodes). Furthermore,
the induced crossover contents were examined concerning the explosive limits as are de-
fined in literature for the company’s operating conditions (pressure and temperature) and
according to the shutdown safety margins (50% of LEL and UEL).

The following observations and conclusions are made for the crossovers when the elec-
trolyzer operates at the target current density:

e The crossovers of both electrolysis gases are gradually increasing during the startup
period and finally reach a stable average value during the main operating state. In
the absence of supersaturation (SF=1), the gaseous Hp impurity in the O side is
estimated 0.1154 mol%, while that of O, in Hy side is 0.0169 mol% without the
formation of explosive mixtures.

e An increase of the supersaturation factor by 10 leads to almost 1% and 0.1% higher
Hjy and O crossovers respectively. Thus, this indicates that the effect of the oversat-
urated concentration of the dissolved gases in the electrode boundary layer, which is
in contact with the separator in the case of the zero-gap configuration, has a strong
effect mainly on the Hy crossover. At even higher supersaturation factors (SF>30),
the gaseous mixture in the O» tank falls above the industrial safety limit of 2.65
mol% H» indicating the need for shutdown. On the other hand, the mixture in the
Hj tank does not pose a risk since the Oy content remains below 1%.

e A more general conclusion is that the frequent operation of the valves keeps the
crossovers limited since when they open, part of the impurities is also thrown out
of the system. The high operating pressure of 50 bar and the mixing electrolyte
cycles strategy do not seem to have the same level of effect on the crossovers as is
observed in other studies in literature (i.e. Trinke [58] measured experimentally a Ho
impurity of 2.9 mol% at 10 bar pressure, 3000 A-m~2 and mixing cycles strategy).
This difference is attributed to the operation of the valves.

The crossovers were also estimated for different current densities, using a supersatura-
tion factor of 10. The model qualitatively predicted a similar to other experimental works
([58], [22]) behavior with higher cross-contamination in lower current densities limiting the
safe operational window above 1500 A-m~2. In a larger intensity of supersaturation, the
minimum safe current density is expected to be higher.

A comparison of the model results with the experimental data indicates that the super-
saturation intensity is between 5 and 15 times higher than the solubility for both electrolysis
gases. Moreover, it is concluded that the model predicts lower Oz and higher Hy crossovers,
probably due to the underestimation of the differential pressure between the half-cell com-
partments. However, considering the model simplifications, the predicted crossovers are
very close to the preliminary experimental data showing that system can safely run above
2000 A-m~2.
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RECOMMENDATIONS

This final chapter provides recommendations to upgrade and extend the developed models
and some advice on possible system modifications and experimental work to minimize the
observed problems and identify safety risks.

7.1. MODELING

e The first model that predicts the system’s dynamic response does not take into
account the buoyancy effect of the rising bubbles, assuming incompressible flow in
all the elements of the network and ideal bubble accumulation in the flash tanks.
An update of the model is recommended to account also for the bubbly flow in the
relevant elements (stack half-cells and pipes leading the bubbles to the flash tanks)
and examine at what level the already predicted flow response will be affected.

e In this work, the temperature was assumed to be constant at 90 °C, which is the
company’s target operating point. However, in the real system, the temperature
will present variations through the different elements. Thus, the developed models
can be extended by adding a temperature network to predict how the produced at
electrodes heat is transferred in the system, how the temperature at relevant points
changes and how these variations affect the crossovers since the solubility of dissolved
gases increases in lower temperatures.

e The continuous stirred tank reactor (CSTR) approach that was followed in the
crossovers model can be altered by adopting a different method (i.e. plug flow
reactor or CSTR in series) to take into account the local mass transfer between the
supersaturated electrode and electrolyte bulk.

7.2. SYSTEM MODIFICATIONS

The main threat to the system integrity was identified to be the high differential pressure
between the half-cell compartments, which reaches its highest value when both valves
operate simultaneously during the main operating state. It is recommended to alter the
valve opening strategy (during the main operating state) as follows:

e Do not operate the two valves simultaneously.

e Decrease the pressure control valve (PV2) opening duration.
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e After the closure of valve PV2, wait some seconds (so the oscillating behavior will
be damped) before the electrolyte level control valve (PV1) opens.

e Open the electrolyte level control valve with increased duration.

The aforementioned strategy will probably reduce the maximum differential pressure
spikes but not largely since it is shown that a single valve opening causes a maximum
pressure gradient of 0.76 bar. Another recommendation is to add properly sized capillary
tubes on the downstream side of the valves and increase the opening duration to the time-
scale of seconds. This modification will decrease the flow coefficient and smooth out the
gas flow that is purged out of the electrolysis system.

7.3. EXPERIMENTS

The experimental system (bunker twin) that was modeled in this project, is at the first
stages of operation at the time being. It is recommended to run multiple and long time
experiments at different current densities to observe and evaluate its dynamic response,
monitor continuously the gas purity at the buffers and examine the long term cross contami-
nation. According to the findings of this work, the following experiments are recommended:

e Use a velocimetry device to evaluate the induced flow velocity and direction when
the purging valves operate.

e Install more pressure sensors in the setup to be able to monitor the pressure closer
to the stack and estimate experimentally the induced differential pressure between
the anodes-cathodes.

e Reduce the pressure sampling time to the milliseconds scale to evaluate the induced
oscillatory behavior from the operation of the valves.

e Observe through the transparent stack the bubble behavior when the valves operate
and examine if bubbles are dragged out by the flow at the bottom channel in cases
of electrolyte back-flow.
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HYDRAULIC CIRCUIT MODEL

A.1. FLASH TANKS EQUATIONS DERIVATION
The mass and momentum conservation for both flash tanks were derived using a deforming
control volume which follows the movement of liquid electrolyte on the y-direction (moving
upper surface) and is fixed on the x-direction. The integral forms of the unsteady mass
and momentum equations are listed below [32].

MASS CONSERVATION

%fp-dv+fp-(ﬁr-ﬁ)~dA:0 A1)
\%4 S

In the above equation, the first term with the volume integral refers to the rate of mass
change inside the control volume V, while the second term is the net mass flow rate through
the control surface S. Moreover, 7 is the unit vector pointing out of a control surface S.

MOMENTUM CONSERVATION

) .
Effr17~dV+fp~ii~(12r-ﬁ)~dA:f—P~ﬁ-dA+Fviscous+fp~§-dV (A.2)
v S S \%4

The above equation is an expression of Newton’s second law in integral form. On the
LHS, the first term is the rate of momentum change inside the control volume V and
the second term is the rate of momentum flow through the control surface S. The RHS
includes the sum of forces, which are categorized in surface and body forces. The surface
forces include the pressure (first term) and the viscous contribution (second term), while
the body force acted is the gravity (for this system).

In mass and momentum equations, #i; is the fluid velocity relative to the control surface,
with:

iy = ii— iig (A3)

where iig is the control surface velocity and i is the fluid velocity as observed in an inertial
frame of reference.
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78 A. HYDRAULIC CIRCUIT MODEL

A.1.1. OXYGEN FLASH TANK (T1)

[LURINRRN

(b) Free body diagram
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(a) Oxygen flash tank (T1)

Figure A.1: (a) Oy flash tank with liquid electrolyte deforming control volume and (b) control volume free body diagram
showing pressures on the surfaces.

Figure A.1 depicts the deforming control volume (red dashed line) that was selected to
derive the equations for the O, flash tank. The control volume includes and follows the
movement of the liquid electrolyte. This means that only the upper surface, which is in
contact with the accumulated gas, can move in the y direction and so the relative velocity
there is zero according to equation A.3. Using equation A.1l, the mass conservation reads
(under the assumption of incompressible flow):

0
a(P'At'J’tl)—P'Ap'upl—P'Ap'upaS:0—’

At yr1 = Ap- (upl + upaS) (A.4)

where At and Ap are the flash tank and connected pipes cross section areas respectively.
The momentum equation for the examined control volume is split in the two directions.
Firstly, each term will be separately presented (in vector form). The unsteady term reads:

0 0
— udv = —
atf T
|4
The rate of momentum flow through the control surface reads:
I 0
fpu(uron)dA:p-Ap~( )
A

( a2 p1 ( ugl )( 2 ) +P~Ap.( Hpa ) ( s )( " )]:

(A.6)
2
ot )

0 0
Acya-l V= i} 4 (A5)
praivia ( Ja )] ( p- Aty i +p- Ayl )

The pressure contribution of the surface forces reads:

f—P-ﬁdA:—P1~Ap-( _01
A

_p5.Ap~( _01 )—[Pg,t1+P'g'(J’t1—yS)]'AP'( (1) ):

0 0
_Pg,tl'At‘( 1 )_(Pg,tl+P‘g'ytl)‘(At_Ap)‘( 1 )—

(Ps—Pgu1)-Ap—p-g-(yu—s) Ap )
(P1—Pgt1)-Ap+p-g-yu - (At—Ap)

(A7)

The body force (liquid electrolyte weight) has the following form:
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A.1. FLASH TANKS EQUATIONS DERIVATION 79

o 0
fp-g-dV:p-At~yt1-( iy ) (A.8)
4

The viscous force is assumed to have an effect on the y direction (where the electrolyte
mainly flows in the flash tank) and was calculated with the same way as in the pipe elements
(eq. 4.12). In vector form, it reads:

- 0

Fyiscous = ( “Apa- % yu (A.9)

“Ja - |J’t1| )

Having written all the terms of the momentum equation for the deforming control
volume, the final equations for the two directions are presented below.

mmmf

(b) Free body diagram

yl)lRECTIONI
- 2 2 _ pya-Ae .o
p-Aryi-ya+p-Avyy —p-Ap-lpy = (P1 _Pg,tl]'Ap_p'g'Ap'ytl_AD,tl'z.—dt'Ytl'|yt1| (A.10)
X DIRECTION:
—p-Ap- ”pas—(PS_Pg,tl)'Ap—P'g'()’tl—J/S)'Ap (A.11)
A.1.2. HYDROGEN FLASH TANK (T2)
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(a) Hydrogen flash tank (T2)

Figure A.2: (a) H flash tank with liquid electrolyte deforming control volume and (b) control volume free body diagram
showing pressures on the surfaces.

For the H flash tank, a similar control volume with a deforming upper surface was selected.
The coordinates system is in agreement with that of the Oy tank. The equations derivation
was carried out in the same way. The mass conservation reads:

At Ji2 = Ap - (upes — up2) (A.12)

The momentum conservation has the following form in the two directions:

¥ DIRECTION:
Py At

o Jie+|ye| (A13)

P'At'ytz'j?tz+P'At'J"t22+P'Ap'uI2)2 = (Pg12— P2)-Ap+p-g-Ap-y2—Ap t2-
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80 A. HYDRAULIC CIRCUIT MODEL

X DIRECTION:

— - Ap- U5 = (Po—Pgr2)- Ap—p-8- (v~ y6) - Ap (A.14)

A.2. MATHEMATICAL MODEL EQUATIONS

In this section, the set of equations of the developed mathematical model are summarized.
The two flash tanks have the same cross-section area A¢ and the same diameter d;. All the
pipe elements have the same cross-section area Ap and diameter dp, except for elements
Pa2 & Pc2 (representing anodes and cathodes respectively).

Table A.1: Mass and momentum conservation equations for the corresponding elements and nodes as presented in figure 4.1.

# Equation Element/node
1 Ae- ja = Ap - (up1 + Upa3) T1-liquid
2 At ju =Ap- (apl + apa3) T1-liquid
3 P'Al‘ytl'y‘l+p‘Al'y121‘f"Ap'“;2;1:(Pl‘ngtl)'Ap—P'g'Ap‘J/tl—AD'%'J’HW}«H T1-liquid
1 p-Ap-1idys = (Pgu1 = Ps)- Ap+p-g- (ya - ys)- Ap T1-liquid
Apgu-Vgu) _ . -
5 ggt B = Tiig,11,in = Pg,t1 * Qualve,t1 T1-gas
6 Vg = Ve — Ac- ya T1-gas
7 At Y2 =Ap- (upC3 - up2) T2-liquid
8 At jio = Ap - (apes — apa) T2-liquid
9 Acyi-Jo+p-Ac7h+ - Ap-u2y = (Pgra—P2)- Ap+p-g- Ap- i — Ap- EXZAL 50 | gio T2-liquid
Ay Vet Av Yt Ap-lpy =\Fgw2 = F2) Ap+0-8 - Ap Y2 —ADp 55— V2 |V q!
1o p-Ap- g = (Pge2 = Ps)- Ap+p-8- (ye2 = ¥6) - Ap T2-liquid
0pgi-Vgw) _ . y
1 5T = tigo,in ~ pgi2* Qualve,2 T2-gas
12 Vg2 = Vi — At ye T2-gas
Ly A A
13 P'Ap‘Lpl'ﬂpl:(P4-P1)'Ap+p~g~Ap~(h4—hl)—(/lu,pl~”;,’;p"+/1L,p1-%)~up1‘|up1| P1
Lpo-A A
14 p~Ap~Lpz-(lpz:(P2*P3)'Ap+P'g'Ap'(h2*hS)*(/lD,pZ'p2121“p+/1L,p2'pzp)‘up2'|uP2| P2
-Lp3-A -A
15 P'AP‘LPS'“pS:(PS‘P4)'AP+(/1D,p3'p2‘.’;})p+/1L,p3'pr)'“p3'1up3| P3
Loar-A,
16 P+ Ap-Lpal - Gpal :(P4*P4a)'Ap*/1D,pa1'pzp,a%'upal'}upal} Pal
Lpan-A
17 p: ApaZ 'Lpa2 *Apa2 = (P4a - P4b) . Apa2 +tp-g- APaz . [h4a - h4h) - AD,paZ £ zp_:;pazpal “Upa2 | upaz{ Pa2
Lpag- A, A
18 p-Ap-Lpas-apas = (Pap = Ps) - Ap +p'g'Ap'(h4b_h5]_(/1D,pa3'p;#‘*'ﬂ]_,paii'pzip)'upﬁ"upa_’.' Pa3
-Lpe1-A
19 p-Ap-Lpc1 - apc1 = (P3— P3a)- Ap—Appc1 - £ Zp,;lp 2 upet - |uper | Pcl
“Lpcz-Apes
20 P Apc2 - Lpc2 - ape2 = (P3a - PSb) *Apc2 +p- 8- Apc2- {hSa - th) - AD,pCZ . %Pczpz “Upc2* |upc2} Pc2
Lpes- A - A
21 P'Ap'LpCS'apCS:(P3b’P6)'AP+P'g'Ap'(h3b’h6)’(AD,pCS‘p;ﬁ#*ﬂL,pcS'pr]'upw'Wpcﬂ Pc3
22 p-up2-Ap=p-up3-Ap+p-Upc1 - Ap node 3
23 p-ap2-Ap =p-ap3- Ap+p-apc1 - Ap node 3
24 p-up3-Ap=p-up1-Ap+p-Upal - Ap node 4
25 p-ap3-Ap=p-api-Ap+p-apai-Ap node 4
26 p-Upcl - Ap = p-Upc2 - Apc2 = 0~ Upc3 - Ap nodes 3a/3b
27 p-apc1 - Ap = p - dpc2 - Apc2 = P apc3 - Ap nodes 3a/3b
28 P Upal - Ap = p - Upa2 - Apa2 = - Upa3 - Ap nodes 4a/4b
29 P Apal - Ap = p- apa2 - Apa2 = P dpa3 - Ap nodes 4a/4b

In addition to the equations of the above table, the gas flow rate exiting the system
when the valves open was calculated using equations 4.7 and 4.8 as were described in
chapter 4. Moreover, the gas entering the flash tanks was calculated using the Faraday
equations 2.7 and 2.8 for O (tank T1) and Hp (tank T2) respectively (multiplied by the
molar masses of the components to have the right units).
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A.3. SIMULINK

The system of equations presented in table A.1 was implemented and solved in Simulink.
As discussed in sub-section 4.2.4, the rapid variations of the system’s parameters (pressures,
velocities, electrolyte level in the flash tanks) make the problem stiff and for this reason, the
variable time step option was selected. For this option, the software provides both explicit
and implicit solvers. The implicit solvers are recommended in the software documentation
[3] because they are designed for stiff problems and can be more efficient and faster in
cases that the explicit solvers fail or crashing. The offered solvers for the variable time
step option are listed below:

EXPLICIT SOLVERS (NON-STIFF):
e ode45: Based on a Runge-Kutta (4,5) pair (known also as Dormand-Prince method),
which is a fifth-order method with fourth-order error estimation.

e ode23: Based on a Runge-Kutta (2,3) pair (known also as Bogacki-Shampine method),
which is a third-order error estimation method. It is documented to be more efficient
for problems that ode45 fails to solve and for problems with mild-stiffness.

e 0dell3: Thisis a variable order solver (based on Adams-Bashforth-Moulton method).
It is recommended for problems with strict error tolerance or when ode45 fails.

IMPLICIT SOLVERS (STIFF):

e odel5s: A variable order solver, based on the numerical differentiation formulas
(NDF).

e o0de23s: Based on a modified second-order Rosenbrock method, can be more efficient
in problems where odel5bs fails.

e 0de23t: This method is based on the trapezoidal rule. It is recommended for prob-
lems with moderate stiffness and is also free of numerical damping.

e ode23tb: This method uses TR-BDF2, which is an implicit two-stage Runge-Kutta
formula. The first stage uses the trapezoidal rule and the second implements a
second-order backward differentiation formula. The method can solve problems
where odelb5s fails.

The solution of the developed system of equations was iteratively calculated at each
time step. Simulink detects automatically the algebraic variables, depending on how the
user has defined the equations and tries to find a solution using an algebraic loop solver.
MATLAB offers two different algorithms to solve algebraic loops: the Trust-Region and
the Line-Search. In this project, the Trust-Region solver was used, which is also the default
option of the program.

From the solvers mentioned above, several tests were done to select the one that offers a
stable solution for the specific model. The system is computationally demanding because
of the large number of equations and the main problem was the random crashes that
happened during the simulations. From the solvers mentioned above, the implicit ode23s
was the one selected since it ran smoothly and converged without any crashes. Apart from
that, the explicit ode23 managed to converge without crashes. Moreover, the selected error
tolerance was set to 107 by taking into account both accuracy and computational time.
Furthermore, a maximum limit of 15 ms was set for the time step.
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CROSSOVERS MODEL

B.1. GAS SOLUBILITY IN AQUEOUS POTASSIUM HYDROXIDE

This section describes the model implemented by Haug [20] to calculate the solubility of O
and Hy inside aqueous KOH solutions. The method uses the Sechenov correlation, which
relates a dissolved component concentration in aqueous KOH solution to that in pure water
as a function of salt mass fraction.

ct
i,H,O
log(c—f) =ks,i- wkoH (B.1)
i

where cl’.F 1,0 and cl’.F are the component i solubilities in pure water and aqueous KOH
respectively, wixoq is the mass fraction of the salt in the solution and kg ; is the Sechenov
constant. This constant was estimated in [20] using experimental data provided by Knaster
et al [28], who conducted experiments at 75 °C.

Table B.1: Sechenov constants for O and Hy. These values are valid for KOH mass fractions from 5.4 wt% to 39.8 wt% [20].

Component | kg [-]
0, 3.66
H 3.14

The gas solubility in pure water was calculated by firstly estimating the Henry constant.
The following empirical formula [20] relates the Henry constant of the dissolved in pure
water gases to the operating temperature (valid for temperatures 273-647 K).

2

A- (logKZﬁ)z +B- (lT +C- (logKZﬁ)-

1 o 1
—T)+D-(logKH,i)+E-(?)—l—O (B.2)

where Kflxl = Kf[xi-lo_‘l and lT = %-103. The parameter Kf[x (in bar) is the Henry constant
expressed as the partial pressure above the water (p) in bar over the molar mixing ratio
in the liquid phase (x), while T is the operating temperature in K.
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Table B.2: Parameters A-E used in eq. B.2 to estimate the Henry constant in pure water.

Gas A B C D E
(0)) -0.0005943 -0.147 -0.0512 | -0.1076 | 0.8447
H» -0.1233 -0.1366 | 0.02155 | -0.2368 | 0.8249

The component i solubility in pure water was estimated using the following formula:

Cik — pHZO . Pi
PROT Mp,o KDY

(B.3)

where ppp,0 is the density of water (in kgm™3) , My, is the molar mass of water (in
kg~mol_l), p; is the partial pressure of component i above water (in bar) and Kflxl the
estimated from equation B.2 Henry constant (in bar).

Finally, the solubility of component i in aqueous KOH (30 wt% for this project) at
different pressures was calculated using equation B.1.

B.2. NODES NUMBER DEPENDENCE STUDY

The 1-d transient advection-diffusion equation was solved multiple times at each time
step for the various elements of the hydraulic network and the separators (fig. 4.4). A
dependence study on the number of used nodes was conducted to ensure the accuracy of the
transient solution, having as main constraint the computational power of the used computer
(8 GB of RAM). The same number of nodes was applied for the spatial discretization of
the pipe elements (P1, P2, P3, Pal and Pcl) and a different number for the separators.

Firstly, 50 nodes were selected for the separators and the pipe nodes number was
gradually increased. Figures B.1 and B.2 illustrate how the variables of interest (crossed-
over gases content) are affected by the number of pipe nodes.

Gaseous Hy in O, side (mol%)

: — 104
5 6 7 8 9 10 11 12 2650 2700 2750 2800 2850
Time (s) Time (s)

Figure B.1: Pipe nodes number effect on gas Hy content in the Oy side early in the startup (left graph) and during the main
operation (right graph). The separator number of nodes was kept fixed to 50.
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Figure B.2: Pipe nodes number effect on gas O, content in the Hy side early in the startup (left graph) and during the main
operation (right graph). The separator number of nodes was kept fixed to 50.

To be able to see the different solutions, two graphs are used in the above figures, where
the left one focuses on a time interval during the startup, while the right one focuses on
the main operating state. As can be seen, above 300 nodes (black line in all graphs), the

solution remains almost the same for both Hy and O, crossover and that was the selected
value.

Subsequently, having selected 300 nodes for the pipe elements, a similar study was
performed for the used nodes in the spatial discretization of the separators.

x10
350 T T 1.11 T T T
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Figure B.3: Separator nodes number effect on gas H» content in the O, side early in the startup (left graph) and during the
main operation (right graph). The pipe number of nodes was set to 300 as resulted from the previous analysis.
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Figure B.4: Separator nodes number effect on gas O, content in the Hp side early in the startup (left graph) and during the
main operation (right graph). The pipe number of nodes was set to 300 as resulted from the previous analysis.

Observing figures B.3 and B.4, a conclusion can be made only from the main operating
state (right graphs) since at the startup (left graphs) the lines almost coincide. The dif-

ference between the lines becomes less significant for more than 150 nodes. Thus the final
selection for the separator was 200 nodes.

B.3. TRIDIAGONAL MATRIX ALGORITHM

In the crossovers model, a time-implicit numerical scheme was implemented to solve the
transient advection-diffusion equation in the relevant elements and predict the mass trans-
port of the dissolved gases in the system (eq. 4.22 or 4.23 depending on the flow direction).

The used implicit scheme leads to a tridiagonal system of equations and has the following
general form:

a,--x,-_1+b,--x,~+c,--x,~+1:d,- (B.4)
or in matrix form:
b 0 0 0 0 X1 dy
a by o 0 0 0 X2 do
0 asz b3 c3 0 0 X3 ds
0 0 0 an-1 bn-1 oN-1 XN-1 an-1
0 0 0 0 an bN XN dN

where a; = ¢y =0. The matrix including a, b and c is tridiagonal because the non-zero
elements are located in the main diagonal (b;), the upper diagonal (c;) and the lower
diagonal (a;). This type of system is solved using the TDMA method or Thomas algorithm
[56], which is based on a simplified Gaussian elimination method. The algorithm starts
with a forward elimination of the arrays as:
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Ci = _di—ai-di

i=23,\N - §j=——-—— and d;=

bi—a;-¢i—)
The solution x is found by backward substitution as:
i=N — XN = d~N

i=N-1,N-2,-,1 — x;=d;— ;- Xj41
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