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Abstract

A digital twin is a virtual representation that serves as the real-time digital counterpart of a physical object or

process.

This thesis presents the development of a digital twin for a next generation PEM electrolyzer. The main task is
centered around the development of the auxiliary equipment which is required in the electrolysis process, called
the Balance of Plant. The thesis is supported by Hystar, a company that specializes in PEM electrolyzers with
high-end technology for green hydrogen production. The digital twin is created with the open-source modeling

program Modelica, a program that excels at component-oriented modeling of complex systems.

The Balance of Plant is made up of several components which maintain the process at its desired operational
performance point and ensure that this is upheld through monitoring and controlling. The Balance of Plant
includes centrifugal pumps, regulative valves, ion exchangers, liquid-gas separators, heat exchangers, coolers,
sensors, controllers, and a power supply unit. Each digital component developed is thoroughly described with

included parameters, variables, and equations.

Simulations from Modelica were presented, initially from individual models before a more complex, combined
system was created and connected to an electrolyzer stack provided by Hystar. From the simulations done in
Modelica, it was found that the digital twin achieved its intended behaviour, as well as delivering realistic results
if provided with accurate input parameters. Controlling the system towards desired operating conditions was also

achieved. The models in general proved simple to utilise and alter in order to fit specific needs.

Simulations of all the models as well as subsystems proved the digital twin worked as intended. The simulations and
following discussion highlighted several aspects suitable for further improvement. Improvements like an increase
to the digital twin’s complexity and implementation of certain subsystems could be done in order to address the

limitations and shortcomings in this thesis.
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Sammendrag

En digital tvilling er en virtuell representasjon som fungerer som den digitale motparten til en fysisk gjenstand

eller en prosess.

I denne oppgaven presenteres utviklingen av en digital tvilling for en neste generasjons PEM-elektrolysgr.
Hovedaspektet er sentrert rundt utvikling av tilleggsutstyret som kreves i elektrolyseprosessen, kalt balanse av
anlegget. Oppgaven er stgttet av Hystar, et selskap som spesialiserer seg pa PEM-elektrolysgrer med avansert
teknologi for grenn hydrogenproduksjon. Den digitale tvillingen er utviklet med modelleringsprogrammet Modelica,

et program som er egnet til komponentorientert modellering av komplekse systemer.

Balansen av anlegget bestar av flere komponenter for & opprettholde prosessen ved gnsket ytelse. Dette inkluderer
sentrifugalpumper, reguleringsventiler, ionevekslere, vaeske-gass-separatorer, varmevekslere, kjslere, sensorer,
kontrollere og en strgmforsyningsenhet. Hver digitale komponent som utvikles er grundig beskrevet med inkluderte

parametere, variabler og ligninger.

Simuleringer fra Modelica ble presentert, forst fra individuelle modeller for en mer kompleks kombinasjon av
systemet ble utviklet med elektrolyse stacken levert av Hystar tilkoblet. Fra simuleringene som ble utfgrt i Modelica
ble det bevist at den digitale tvillingen fungerte som forventet, samt leverte realistiske resultater om den ble gitt
riktige parameter verdier. Kontroll av systemet mot gnskede driftsforhold ble oppnadd. Modellene viste seg a veere

fleksible og anvendbare til sine formal.

Simuleringer av alle komponentene samt undersystemene viste at den digitale tvillingen fungerte som antatt.
Simuleringene fremhevet ogsa flere aspekter ved den digitale tvillingen som egnet seg for ytterligere forbedring.
Forbedringer som en gkning av den digitale tvillingens kompleksitet og implementering av neglisjerte delsystemer

kan blir gjort for a adressere begrensningene og manglene som eksisterer i oppgaven.
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1 Introduction

This thesis aims to develop a dynamic digital model of a next generation polymer electrolyte membrane electrolyzer.
The digital model will contain descriptions of the most important electrolyzer system auxiliary components to
investigate the electrolysis system’s dynamic behavior. The thesis is written with the purpose of giving the reader

insight of the digital model created, and describe the thought process behind choices made.

1.1 Background

Today, modern society faces arguably its greatest challenge yet, the ongoing climate crisis. Sustainable energy
systems are required, as the energy sector is the source of around three-quarters of the global greenhouse gas
emissions [1]. Fortunately, a transition is already happening from fossil-fueled energy production to renewable
energy. However, with this change energy is produced more intermittently, with increased implementation of
sources such as wind energy and solar energy. This changes the intermediate steps in the energy supply chain, and
energy carriers need to be implemented. To contribute to this transition, hydrogen as an energy carrier can prove
to play a crucial role in the said transmission of energy. The use of hydrogen as an energy carrier has the potential

to reduce greenhouse gas emissions across many applications.

About 3% of the global energy consumption is used to produce hydrogen today [2]. According to Hydrogen Council,
the long-term potential of hydrogen is substantial. By 2050, hydrogen could cover 18% of the final, global, energy
demand [3]. Today the dominant source of hydrogen production is grey hydrogen, which is hydrogen generated
from natural gas or methane. This process is called steam reforming and generates carbon dioxide emissions. Green

hydrogen on the other hand is hydrogen produced by the electrolysis process powered by renewable energy [4].

With increased desire and demand for green hydrogen, the PEM water electrolysis technology has seen increased
interest. Due to numerous operational advantages, the electrolyzer produces hydrogen with high purity at high
energy efficiency, in the range of 80-90% [5]. Advantages include a higher rate of hydrogen production and a more
compact design, compared to the two other main hydrogen production methods such alkaline water electrolysis and

anion exchange membrane water electrolysis [5]. Figure 1 illustrates the working principle of a PEM electrolyzer.
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Figure 1: Schematic of a PEM electrolyzer stack [6]



PEM is an abbreviation for proton exchange membrane, originating from the use of protons as the ionic agent. The
PEM electrolyzer stack consists of two half cells separated by a thin polymer electrolyte membrane. The half-cell

reaction of the electrodes and the overall reaction is presented in equation 1 [5].

1
Anode :HyO — 2HT + 502 + 2e”
Cathode :2H" +2e¢~ — H, (1)

1
Owerall :H0 (1) — Hs(g) + 502

The water is fed in on the anode side, where the water is reduced to oxygen, Oz, positively charged hydrogen
protons, H*, and electrons, e~. The oxygen produced in this half-cell reaction is extracted from the anode fluid
cycle in the gas-liquid separation unit. The hydrogen protons move through the membrane and to the cathode side,
where it reacts with electrons from the direct current power source and form the hydrogen gas. Water can optionally
be fed in on the cathode side to facilitate the effective removal of the hydrogen gas. This is not necessary in all
cases as proton drag carries substantial amounts of water through the membrane [7]. The digital model created is

categorized as an anode feed system.

The electrochemical reactions occur at the catalyst layer. The catalyst layer is coated on the electrodes and is
crucial to ensure desired reactions. The stack’s performance is significantly influenced by the construction and
structure of the layers. A diffusion layer on each electrode is beneficial for efficient current distribution. The
distribution plates, also called bipolar plates, serve the purpose of evenly distributing water in the electrolyzer
stack to cool the device and evacuate gases produced by the electrochemical reactions. A PEM electrolyzer is a
complex system involving non-linear relations to describe the dynamics as the system combines various physical

phenomena such as electro-chemical, thermo-electric, and thermo-fluidic [7].

1.2 Motivation

When constructing a polymer electrolyte membrane electrolysis system, costs are involved in both the electrolysis
stack itself and all the equipment surrounding the stack. The different equipment around the electrolysis stack is
referred to as the Balance of Plant, or BoP in short, and includes the necessary auxiliary components for the system
to operate normally. Typical BoP equipment can be described as controlled valves, heat exchangers, pumps, a
power supply unit, a water conditioning system, liquid-gas separators, sensors, and safety equipment. According
to an IEA report prepared for the G20 meeting in 2019, the electrolyzer stack is responsible for around 50% of
the total system cost [8]. This implies that the Balance of Plant costs makes up the remaining 50%. The BoP
equipment also has a large impact on the performance and efficiency of the electrolysis system, which further

reinforces its significance.

Considering how important and expensive all the BoP equipment is, a digital twin of the electrolysis system would
be a preferable way to cut potential costs and optimize the system sufficiently before physical production starts.
The digital twin would also be a tool that could contribute to the continuous development of electrolyzers, as
technology rapidly undergoes changes and improvements. Such changes could quickly be applied to the digital

twin, allowing for transparent and updated testing conditions at all times.

The techno-economical aspect related to the BoP equipment within the electrolysis system requires the project to
develop parametric models of BoP equipment which then can be combined into a single model, representative of
the digital twin of the electrolysis system. These models need to be tested and validated against real-world data
and realistic component behavior. Optimization and documentation are required so that the models are easy to

use, implement and understand for the client of this bachelor thesis, Hystar.



1.3 Limitations and Prerequisites

This bachelor thesis is supported by the high-tech company Hystar, a company that specializes in PEM electrolyzers
with new high-end technology, and the production of green hydrogen from water electrolysis. The project consists of
digital modeling and validation of the BoP equipment for the electrolysis system. A model of the electrolysis stack
itself will be provided by Hystar. The physical limitations of the project encompass that most of the BoP equipment
surrounding the electrolyzer stack will be modeled in this project. Certain assumptions and simplifications are

required to keep the project within its limited scope, which is 20 credits.

The end product of the project is a result of close collaboration with Hystar to ensure that the product satisfies the
desired properties and purpose. Assumptions and simplifications done have been determined in agreement with

Hystar.

1.4 Structure

The thesis aims to describe the digital twin that is developed in detail. The methodology applied to establish the
basis of the project is described. Further, each component in the Balance of Plant is presented and thoroughly
described. The individual components are then connected into their respective subsystems. Finally, the subsystems
are connected into a combined system where further improvements are made until desired behavior with the

electrolyzer stack provided by Hystar is achieved.

Simulations of important and wanted parameters are presented in the results section. In the discussion section,
these results are then explained more thoroughly. The design choices, assumptions and sources of error are also
discussed. The models are then compared to real world data and real component behavior in a subsection about
the models’ validity as a part of the discussion. Further work and suggested improvements to the digital model

are presented before the work done is concluded.



2 Methodology

Today, society stand on the brink of a technological revolution that will fundamentally alter the world. The fourth
industrial revolution is a digital transformation that conceptualizes rapid change to technology, processes, and
industries due to increasing interconnectivity and smart automation. The development of digital twins is a product
of this change. A digital twin is a digital representation of a physical object, process or service. It is in its most
simplistic form a computer program that applies real world data to create simulations that can predict how a

process or product will perform [9].

The application of digital twins are drastically increasing, as additional industries and corporations find the
importance and benefits which digital models provide. One benefit can be economic efficiency. The ability to adapt
and change parameters and system dynamics of the digital model without having to produce costly prototypes
are important. Digital twins facilitate more efficient research and design of products, with belonging performance
outcomes. This information provides crucial insight into potential product refinements required before production

starts.

The methodology of creating a digital model differs from the more traditional academic research approach.
Acquisition of theory is greatly replaced with the learning of modeling language and research of system behavior.
A substantial theory section is replaced with the theory and method behind each component in the digital model.
Initially, the scope of the project was defined, and relevant academic papers were retrieved and reviewed. To better
illustrate the models created, multiple schematics and illustrations are presented in chapter 3. All schematics are,

unless stated otherwise, created by the authors using the online diagram software Draw.io [10].

2.1 Modelica

To develop the digital model of the electrolysis system the open-source modeling program Modelica was applied.
The program is well suited for object-oriented programming and supports the acausal connection of components
governed by mathematical equations. Modelica is often applied to engineering systems and is suited to describe
the behavior of typical engineering components. The Modelica language is developed by the Modelica Association,
a nonprofit organization with seat in Linkoping, Sweden [11]. The program is distributed as an open language and

is available online for free [12].

The Modelica language excels at component-oriented modeling of complex systems. The user is therefore not
required to re-arrange model equations to suit the system boundary conditions or the desired application of the
system. This enhances efficiency and ease of use by encapsulating mathematical behavior into reusable component
models. Modelica allows for an efficient organizational structure, combining components into subsystems, systems,
or architectures. The compilers allow users to focus on the mathematical descriptions of component behavior and
get high-performance simulation capability in return. All this is possible without needing to be well versed in
complex topics such as differential-algebraic equations, symbolic manipulation, numeric solvers, code generation

and post-processing [13].

The Modelica language offers several compilers, and the one chosen for this project is OpenModelica Connection
Editor, OMEdit. OMEdit has an advanced and user-friendly graphical interface and easy-to-use model creation.
Including connection editing, plotting of results, and simulations of models. Models can be both textual and
graphical, which offers valuable user flexibility when developing models. It gives the ability to check and instantiate
models, which again makes troubleshooting and debugging easier. The implementation of OMEdit is based on the

programming language C++ and the Qt software [14].

In order to have a determined system in Modelica, the system is required to have the same number of variables
and equations. If this relation is unequal, the result is an under- or overdetermined system. In the case of this

occurring, the system may find infinitely many solutions or no solutions at all.



Open Modelica was decided as the modeling program to be used, chosen over other programs such as Python and
Matlab’ Simulink. This decision was made mainly because of the Modelica models’ simple understanding as it keeps
the models’ physical structure. The models are also extremely versatile and allow extensive model reuse for several
applications. It was also desired by Hystar that Modelica should be used for the project, due to the necessary

compatibility between the created digital twin and their own electrolyzer stack model developed in Modelica.

2.1.1 Library

In computer science, a library is a collection of resources used by computer programs for software development.
Modelica offers a collection of free and commercially available libraries. In total there are around 30 libraries
submitted by the Modelica Association, and the license allows both copying and modifying of them. In addition to
these models, a vast selection of libraries provided by users is available online. The largest library, The Modelica
Standard Library, contains fundamental components for modeling mechanical, electrical, magnetic, thermal, fluid,
control systems, and hierarchical state machines [13]. Numerical functions and functions for strings, files, and
streams are also included. In the process of developing the digital twin of the electrolyzer inputs or parts of

components from external libraries are utilized, and sufficient inheritance and documentation are attached.

2.2 Literature

To accumulate the knowledge required to develop the digital model, learning the Modelica programming language
is essential. In order to learn the Modelica language, literature consisting of academic articles, which were either
found online or provided by Hystar, were used. Articles that involved development of models with similar behavior
to the planned BoP equipment models were especially sought after. However, the articles found indicated that
there was not much work done on the modeling of PEM electrolyzers and electrolysis systems, as opposed to PEM
fuel cells [15]. Despite this, there are several structural and process similarities which can be adapted between the
models for the PEM electrolyzers and the already exsiting models of the PEM fuel cells. A digital model of a PEM
fuel cell was developed by SINTEF in 2020, where parts of this model, including the structural approach, have

been used as inspiration for the digital twin of this thesis [16].

Modelica by Example is an electronic book which was used extensively to learn the describing behavior of the
program initially [13]. It is built up with examples with gradually increasing complexity, analogous to the
project progress. Peter Fritzon, a founder of Modelica has also created a tutorial course called ”Introduction
to Object-Oriented Modeling and Simulation with Modelica Using OpenModelica” [11]. This course was used in

the initial phases of the project work in order to grasp the basics of the Modelica language and its interfaces.

2.3 Assumptions

For a project of this scope, some assumptions have been made in order to keep the thesis well within its credit
score of 20 points. As previously mentioned when discussing the limitations of the project, the assumptions were

discussed and agreed upon with Hystar.

In PEM electrolysis, an important parameter is the water purity. Pure water is required with a specific desired
conductivity, normally acquired in a water purification unit. This unit is neglected due to its complexity, and pure

water is assumed fed into the system.

In the process of separating gas and liquids, there will in most cases be a small substance of liquid extracted with
the gaseous fluid. As for the digital models case this is assumed to be false, and pure oxygen and hydrogen is
extracted for the system with no liquid trace substance. Following this, a hydrogen purification unit is a normal
auxiliary component included to purify the hydrogen produced, but is excluded for limitation purposes of the

thesis.



Another simplification done is that the medium flow out of the electrolysis stack is transported separated in its
constituent phases, meaning that the gas and liquid flows in separate inlets and outlets. The reasoning behind this
is that the modeling of multi-phase mediums increased the complexity of the digital twin to be outside the scope
of the thesis.

The electrical balance was deemed to be generally false where electrical pin connectors were not used in the electrical
models of the digital twin. This assumption was made due to the complex nature of power electronics and how they
interact with each other. In order to simplify, custom connectors were used instead to allow better customization
options of which variables that could be transferred between models. How this decision impacted the simulations

and design of the models is discussed later in chapter 5.3.



3 The Balance of Plant

The Balance of Plant is a term commonly used in the power industry and other technical facilities. It can be
described as all infrastructural components surrounding the main product, which in the case of this thesis is the
electrolyzer stack. This chapter will describe the applied port connectors in Modelica, the medium used in the
system, the different BoP components present in the digital twin and the applied sensors. The different subsystems

of the digital twin, as well as the combined system as a whole, will also be described.

3.1 Ports

When connecting multiple components in Modelica, such as the auxiliary equipment that makes up the BoP, ports
have to be implemented. Ports can be described as connectors and can be of various types such as fluid ports,
signal ports, heat ports, and power ports. Fluid ports are the most common type of ports in the digital twin,
as fluids are transported through the anode and cathode flow circuit, the stack itself, and the cooling circuits.
The properties and values of the fluid are described using the Modelica standard library fluid port, located in
Modelica. Fluid. Interfaces. FluidPort. This port is an interface for quasi-one-dimensional fluid flow in a piping

network, with one or more phases and substances.

To describe the behavior of the fluid port four variables are included. The mass flow rate is defined as a flow, m_flow.
This represents the flow rate from the connection point into the component. The specific enthalpy, h_outflow, is
defined as a stream with medium-specific attributes at the connection point, or close to the connection point if
m_flow < 0. The mass fraction, Xi_outflow, is defined as a stream at the connection point, or close to the connection
point if m_flow < 0. An extra property, C_outflow, is included as a type for unspecified, mass-specific property
transported by flow. Heat ports are used as a thermal port for one dimensional heat transfer. The connector

includes the port temperature, T, and the heat flow rate, @ fiouw-

In order to connect electrical components, connector pins from Modelica. Electrical. Analog. Interfaces. Pin are applied.
This type of connector contains two variables, the potential at the pin, v, and the current flowing into the pin,
i. To distinguish between the positive and negative pin of an electric component, the connectors are often named

PositivePin and NegativePin. Both are identical except for differences in their icons.

To transfer signals, primarily used for regulation and controlling of systems, signal ports are utilized. It is
implemented from the Modelica standard library, under Blocks. Interfaces. Reallnput for input signals, and Real Output
for output signals. Both function as connectors with one signal of type Real, a type that represents real valued

variables.

3.2 Mediums

When modeling with fluid ports a medium has to be defined in the system. Modelica library mediums are used
to define the wanted and realistic medium compositions in the system. The medium is defined as a replaceable

package in the model and can be redeclared within wanted parts.

As the electrolysis reaction occurs, ions are transferred through the membrane and the fluidic composition in the
circuit changes. However, due to the complexity of multi-phase compounds in Modelica, the mediums are for

simplicity sake kept in separate streams as previously mentioned.

The water fed into the system on the anode side is defined as the Modelica medium Media. Water.Standard Water.
The gas extracted from the anode side separator is the Modelica medium Media.IdealGases.SingleGases. O2. The
gas extracted from the cathode side separator is the Modelica medium Media.IdealGases.Single Gases. H2. Modelica
retrieves the ideal gas data from NASA Glenn coefficients, a computer program developed by NASA for calculating

thermodynamic properties. For the cooling circuit the Modelica medium Media. Water.Standard Water is used.



To describe the streams of the mediums in connectors the Modelica operators inStream and actualStream are used.
InStream is used if the medium flows from the connection point to the component. For bi-directional flows the

operator actualStream is used, allowing flow in both directions.

To describe the thermodynamic state of the medium the function setState_phX is applied. This returns the
thermodynamic state as a function of pressure, enthalpy, and composition X, and is useful to retrieve unknown
temperatures at known pressure and enthalpy states. If multiple thermodynamic states are of interest, the
Modelica record ThermodynamicState can be applied. This returns a selection of variables that uniquely defines

the thermodynamic state.

The Modelica model BaseProperties is used to return the base properties of a declared medium. Included properties
are medium density, specific enthalpy, specific internal energy, molar mass, gas constant, absolute pressure, and

temperature.

3.3 The BoP components

The Balance of Plant components included in the digital twin are presented individually with graphical illustrations
where it is deemed of use. Governing equations, relevant parameters, and variables specific to each model are
presented. In addition to this, the components’ behavior, role, and usefulness to the electrolysis system of the
digital twin are also described. Other assumptions or simplifications made for the models are explained in detail.

Discussions around the design choices and assumptions are further elaborated on later in chapter 5.

3.3.1 Centrifugal pump

For the system to work under optimal conditions, the PEMEL stack needs to operate at a given pressure and a
desired flow rate. A centrifugal pump is a simple component that creates flow, where due to increasing resistance

in the flow the pressure also increases. Centrifugal pumps are often powered by an electric motor [17].

For a pump under stationary conditions, Bernoulli’s equation could be used to calculate the pressure increase[18].
However, for a pump operating under varying conditions, pump curves are of interest. These curves describe the
correlations between displaced volume, Q, total head, H, and the pumps operating rpm. The pump curves can be
represented by an equation correlating H and Q to simplify things [19]. In this model, a simple replica of a typical

pump curve is used. This can easily be changed later as it is only necessary to fit an equation for the pump curve.

For this pump, the outlet and the inlet pipes are of the same size. To further simplify things the difference in height
of the suction and discard of the pumps are assumed to be zero, meaning that the only attributes relevant to the
pump is its potential to create flow under varying pressure by the power added. An illustration of the centrifugal

pump is shown in figure 2.

Power input (W)

Outlet,
Discharge

Inlet,
Suction

Figure 2: Illustration of a centrifugal pump



All parameters and variables concerning the development of the centrifugal pump are presented in table 1 and

table 2 respectively.

Table 1: Parameters of the centrifugal pump

Parameter | Unit | Comment
P kg/m?3 | Mass density
W W Power input
Py Pa Pressure at inlet
g m/s? | Standard gravity
h, J/kg | Specific enthalpy at inlet

Table 2: Variables of the centrifugal pump

Variable | Unit | Comment
H m Total head
n - Efficiency of pump
1 kg/s | Mass flow rate
Q m3/h | Volumetric flow rate
Py Pa Pressure at outlet
h, J/kg | Specific enthalpy at outlet
Q- m- 2600 @)

Calculating the volumetric flow rate, as done in equation 2, is of great interest as most manufacturers state their

pump curves as a function of head and volumetric flow rates [18].

PP
pP-g

H (3)
To find the value of the total head, equation 3 is used. Both the kinetic term and the elevation term is ignored as
it is assumed that the inlet velocity and outlet velocity, as well as the inlet height and outlet height as mentioned

previously, are the same [18].

1

H=W- 107! - —
w10 100

-Q? (4)
Equation 4 is a gross simplification of the pump curve as this in reality should take into account both rpm, efficiency
at different operating conditions and the power, head, and volumetric flow rate [19]. This does however make the
model mimic characteristic pump behavior and is in this thesis used to describe a certain behavior between the
head and volumetric flow rate at differing power inputs. For later use, a more fitting pump curve can, and should,

be added in order to acquire desired pump curves and behavior.

w
hi+— =hs (5)
m

The outflow enthalpy from the pump is also of interest since it is a variable within the stream. The equation 5
relates the inflowing and outflowing enthalpy. For the digital twin created in Modelica there is also included an
additional pump designed for a predescribed mass flow rate. For this pump the pump curve calculated in equation

4 is neglected, and power is a variable needed to deliver said mass flow rate at given difference in pressure.



3.3.2 Valve

Valves are components often designed to limit flow and can thus also be applied to hydraulic systems to ensure
a certain pressure [20]. In the digital twin, valves are instrumental for keeping the desired operating conditions.
In this system, the applied valves are pressure-regulated. These valves regulate their openings from fully open to
fully closed to control the inlet pressure. This is illustrated in figure 3. In addition to regulating the pressure, the
operation of the valve is increasing the pressure drop of a stream and is therefore also affecting the mass flow rate
of the system. There are several types of valves such as quick opening and equal percentage, the one applied in

this model is a valve of type linear [21].

P1 P2

1 kV 1
Q Q

Figure 3: Schematic representation of a simple valve

Table 3: Parameters of the valve

Parameter Unit | Comment

P, Pa Pressure at outlet port

k. - k factor

SG - Specific gravity of working fluid

Nominal pressure drop Pa Pressure drop at full opening

u - Input signal varying from 1 to 0
p kg/m3 | Density of fluid at inlet

Pt Pa Desired pressure set point for a regulated valve

Table 4: Variables of the valve

Variable | Unit | Comment
™ kg/s | Mass flow rate through component
Q m?/h | Volumetric flow rate
P Pa Inlet pressure
opening - Opening varying from (almost) closed to open

In tables 3 and 4, the parameters and variables used in the valve model are given.

m - 3600
Q=" (6)

As most producers of valves give the k, factor according to the volume flow rate in m3/h, equation 6 finds the

given volume flow rate from the mass flow rate [22].

SG = Pxi (7)

pwater

Since the valve should be applicable for a variety of mediums, the term specific gravity, SG, is introduced in

equation 7 [23]. The reference medium is water.

Since a fully closed valve is expected to have a small amount of leakage and a fully open valve is expected to have

a minor pressure drop, a way to implement this expected behavior into the valve model has to be done [20].
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This is necessary since allowing there to either be no pressure drop or no mass flow in the model creates singularities.

A variable, opening, as seen in table 4, solves this problem by following an u value from 0.01 to 0.99.

For a valve, an increasing k factor allows more flow through the valve which decrease the pressure drop. The flow

is also dependent on the opening of the valve [20].

SG

k, - opening = @ - AP (8)

The valve curve is defined by equation 8, which is the governing equation for the valve behavior. The relations in

this equation can be altered in order to acquire the desired behavior of the pump.

AP=P — P, 9)

AP is the change in inlet and outlet pressure, as seen in equation 9. In addition to the regular valve, a simple
regulated valve is included in the model. The regulated valve regulates the opening after the actual inlet pressure
and the pressure set point. For an actual system this should be determined by a regulator. However, algorithm 1

and equation 10 can still manage to recreate this, although in a much simpler fashion.

der(u) = Py — Prey (10)

Algorithm 1 Calculate the opening of the valve
if der(u) < 0 then
opening = 0.001

else
opening = der(u)
end if

Since this is just a simplification made, adding a constant to the derivative of u to either increase or decrease gain
can be done as part of the further development of the digital twin.
3.3.3 Ion exchanger

Ion exchange resins are normally placed in both the anode and cathode water circulation loops of electrolysis
systems. The purpose of the exchanger is to maintain conductivity within desired specifications [24]. This

component will only affect the pressure in the water circuit.

PlIonEw =1.05- P2IonE:v (11)

The ion exchanger is modeled as a minor pressure drop in the digital twin, presented in equation 11. If further
development of the digital twin with the inclusion of a water purification unit is desired, more complex relations

in the ion exchanger could be implemented.
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3.3.4 Liquid-gas separator

A liquid-gas separator is used in applications to separate a vapor-liquid mixture into its constituent phases [24].
This component is modeled as a vessel mimicking separation by gravitational force, though the actual separation

in this model is assumed to be instantaneous.

A separator is required on both the anode and cathode sides of the electrolysis fluid circuit. On the anode side,
purified H,O with desired conductivity is fed into the separator vessel. As the electrolysis process occurs the Oq
produced has to be removed from the system. This process is controlled by a regulated valve. The liquid-gas
separators function as buffer storage vessels for the fluids to assure sufficient flow levels at all operational times.
In the electrochemical reactions occurring in the stack, hydrogen ions combine with electrons from the external
circuit to form hydrogen gas, Ho. This gas is extracted from the system in the liquid-gas separator unit on the

cathode side, again controlled by a regulated valve

Liquid level monitoring is required in the separators. The separators can fail if the inlet supply of liquid is too
great, or if the outlet drain is unable to handle the liquid collected. To control this a set maximum and minimum
volume level of the liquid-gas separator, V4. and V4, is defined. These values are monitored by a sensor, where
the output signal regulates the inlet flow of liquid feedwater in the anode side, and the fluid discharged on the
cathode side. It is important to include a fluid discharge at the cathode as this prevents the volume of the vessel
from containing too much liquid. As proton drag transports water to the cathode side, excess water is released out

of the system when the liquid reaches a certain volume in the vessel.

A simplification made to the vessel is that the enthalpy outflow from any port is equal to the given media’s specific

enthalpy inside the vessel at any moment.

02 outlet H: outlet

[ [% = Regulated valves ]

Purified H20 inlet H20 inlet H20 inlet

H:20 discharge

O:2inlet

H:inlet H:20 outlet

H:20 outlet

Figure 4: Schematic representation of the anode and cathode side liquid-gas separator vessels respectively

Figure 4 illustrates a simple schematic of the liquid-gas separators in the system. The outlet streams are assumed

to be pure H2O. The pressure of the vessels is regulated by the valves on the gas outlets.
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Table 5: Parameters for the liquid-gas separator vessel

Parameter | Unit | Comment
\Y% m? | Volume of vessel
Vinaz m3 Maximum liquid volume
Vinin m3 Minimum liquid volume
k W/K | Constant for convective heat transfer

Table 6: Variables for the liquid-gas separator vessel

Variable Unit | Comment
P Pa Pressure inside the vessel and at all ports
m kg Total mass
Mgas, Miiquid kg Mass of gas and liquid inside the vessel
Vyas:Viiquid m3 Volume of gas and liquid inside the vessel

hgas, Miquid J/kg | Specific enthalpy of the gas and liquid inside the vessel

Ugas, Uliguid J Internal energy of the gas and liquid inside the vessel

Pgass Pliquid kg/ m? | Density of liquid and gas inside the vessel

q W Heat transfer rate

Tables 5 and 6 presents the different parameters and variables used in the calculations for modeling the behavior
of the liquid-gas separator in Modelica. As the liquid-gas separator contains two working mediums, each with the

same set of equations, certain equations of the liquid-gas separator vessel are noted with Xi.

mx;
= 12
Pxi = (12)

For both the liquid and the gas in the vessel, equation 12 correlates the respective mass, volume and density for
both fractions [23].

V= Wiquid + Vgas (13)

Equation 13 dictates that the volume of the gas and the liquid is the same as the total volume of the vessel.

m = Mgas + Miiquid (14)

The total mass of the vessel is given by equation 14. This equation states the total amount of mass inside the

vessel.

dmx;
dt

= MXiin — mXi,out (15)

The mass balance in the vessel is given by equation 15. This dictates the total mass of each faction within the
vessel, and also the change of each faction [25]. For this to to work during simulations an initial value of both the

mass of gas and mass of liquid must be given.

dUx;
dt

= Mxiin " hxiin — MXi0ut - PXi0ut TG (16)
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For the energy balance within the vessel, the internal energy is used. One could use enthalpy, but the correlations
between volume and pressure are already given. The change in internal energy is given by equation 16 [26]. This
equation gives the change in internal energy for both liquid and gas. Since the compression of the gas increases

the gas’ temperature, heat transfer between the different mediums inside the vessel will occur [23].

q= k- (Tgas - ,Tliquid) (17)

The value of the heat transfer rate is given by equation 17. This states that there will be a heat flux from the
hotter medium to the colder. The value k is an approximated value, which can later be substituted by a more
precise variable such as the convection heat transfer coefficient. The value k is used for now in order to keep things

simple.

3.3.5 Heat exchanger

In the electrolysis system, the electrolyzer stack generates heat during the separation of water [24]. Due to this,
the need for components that can exchange the heat generated by the stack and transport it outside of the system

arises. This feat is possible by using heat exchangers.

A heat exchanger works by exchanging heat between two flowing mediums. Different types of heat exchangers
could for example be liquid/gas, gas/gas, or liquid/liquid heat exchangers . Additionally, the heat exchangers can
also work with the flows of the gasses or liquids moving either as a counter-current or co-current flow [27]. It is
important to decide early on whether the heat exchanger model will work as a co-current or counter-current flow,
as this will directly affect which equations are used and in turn the code, the placement of ports, and more in
Modelica. In this thesis, it was assumed that the heat exchangers work by the counter-current flow principle. One
of the main advantages of having a counter-current flow heat exchanger is that the heat exchanger can extract a
higher proportion of heat from the hot fluid than compared to a generic co-current flow heat exchanger [27]. Since
this decision has been made, some calculations can be done to model and eventually simulate the heat exchanger

in Modelica.

Determining which flow that requires to be cooled and which flow should transport the excess heat in the heat
exchanger model is vital. For the electrolysis system in this thesis, the fluid that circulates within the electrolyzer
stack needs to be cooled. Therefore, the heat should be moving from within the electrolysis system and out of
it. To do this, the heat exchanger needs a total of at least four ports. Two ports, namely port a and b will act
as the inlet and outlet of the hot fluid flow within the electrolysis system. The two remaining ports, ports ¢ and
d, will correspond to the inlet and outlet of the cold fluid flow. Since the flows are counter-current within the
heat exchanger, ports a and d are placed on one side and ports b and c are placed on the other side. The exact

placement of the ports can be viewed in figure 5.

porta portb
|:\|> ‘ Fluid flow N >:I\>
Hot fluid Cooled fluid
Heated fluid Cold fluid
i]l ( 0\ Fluid flow . ill
wi
Y
portd portc

Figure 5: Schematic illustrating the fluid flows and ports of the heat exchanger
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In order to accurately model the heat exchanger, there are some parameters, variables and equations that need to

be implemented. The heat exchanger will from now on be referred to as the HEX.

Table 7: Parameters of the HEX

Parameter Unit Comment
ha,he J/kg Specific enthalpy at inlet ports
U W/(m2 K) | Overall heat transfer coefficient
A Thas K Temperature difference between port a and ¢
P,.P. Pa Pressure at port a and ¢
L,D m Length and diameter of HEX pipe
CPminsCPOmaz | J/(kg- K) | The specific heat capacity of the cold and hot fluid

Table 8: Variables of the HEX

Variable | Unit | Comment

qd, Qmaz W Heat transfer, Theoretical maximum heat transfer
€ - Efficiency
NTU - Number of Transfer Units
CrmazsCmin | W/K | Max and min heat capacity rates
C, - Heat capacity ratio
hy,hyg J/kg | Specific enthalpy at outlet ports

Mg, Me kg/s | Mass flow rate of hot and cold inlet fluid

With the parameters and variables of the HEX model defined in both table 7 and table 8, it is necessary to
also define the equations. The equations used in the HEX model take the known parameters and variables into
consideration and finds the value of the unknown variables. The main goal for all these equations is to accurately
calculate the heat transfer between the fluids, as well as the temperatures at the outlets so that the HEX model can
obtain information externally, process it, and deliver the processed information to other models of the subsystem.
Since the outlet temperatures are unknown variables but the inlet temperatures are known, the NTU method
is used. The NTU method is often used when there is insufficient information about the HEX like there is in
this specific HEX model [27]. In cases where all temperatures are known the method of Log Mean Temperature

Difference could be used to determine the driving force for heat transfer [28].

First, the heat capacity rates for both the cold and hot fluid needs to be calculated. This is calculated from the
in-flowing state at the port. For simplicity’s sake, the specific heat rates are constants in the fluid, even though
this in reality changes as the fluid is either cooled or heated. The specific heat capacity in the cold fluid is lower
than the hot fluid, therefore the cold fluid is related to the C,,;, and Cp,,;, variables as stated in table 8. The

same relation is true for the hot fluid being related to the C,q; and Cppq, variables.

Cmam = Cpmaz <M (19)

Equation 18 and equation 19 both calculate the heat capacity rates of the fluids based on their respective specific
heat capacities and mass flow rates at the inlets of the HEX model. These variables can then be used to calculate
the ratio between the heat capacity rates in the HEX model [27].
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Cmin
Cmaw

The ratio found in equation 20 is important for calculating the effectiveness of the HEX model later on, which is

a vital part of the NTU method to determine the unknown temperatures at the outlets [27].

The overall heat transfer coefficient, U, is assumed to be constant, although this is not the case in reality. It
is dependent on the heat transfer coefficients of the mediums, which again is derived from the nusselts number.
Calculating this proved to be difficult without certain simplifications such as a uniform heat flux, therefore it was

assumed to be a parameter.

U-A

NTU =
Omin

(21)

With the overall heat transfer coefficient determined, as well as C,,,;,, and the area of heat transfer, the number of

transfer units can be found in equation 21.

(1- e—NTU‘(l—CT)

(1= C, - e NTU-(1-Cv))

€= (22)
Equation 22 shows how the effectiveness is calculated in a counter-current flow HEX, based on the heat capacity

rate and number of transfer units which were previously calculated in equations 20 and 21 respectively [27].

With the effectiveness for the HEX model found, the heat flux can be calculated in order to subsequently find the

temperatures at the outlets.

q=¢€- Cmm, ° AT‘magc (23)

The actual heat flux is determined in equation 23 by using the effectiveness of the HEX model which was found in
equation 22. The mass flow rates are then modeled by considering the conservation of mass, so the mass flow rate
at port a is the same as the mass flow rate at port b. This is also the case for the cold fluid between ports ¢ and d
[27].

he — L =y (24)

c

With the assumption of no pressure drop in the HEX, the energy balance can be used for both the cooling and

heating side to compute the outflowing enthalpies. This is calculated by using equations 24 and 25.

3.3.6 Cooler

Cooling is required to extract surplus heat generated in the electrolysis process. Water is used as a coolant source
and is attached to the cold side of the heat exchanger model. A centrifugal pump is required in the circuit to
ensure a sufficient mass flow rate of the medium. The power output of the pump is controlled by a regulated signal
measuring the desired temperature in the stack, and a mass flow rate is calculated to maintain said temperature.
The desired temperature for the stack’s operation is 60 °C, or 333 K. The cooling system extends the heat exchanger

and is connected to its cold side. A simple schematic of the system is presented in figure 6.

The temperature setpoint is a Modelica connector called Reallnput, defining the desired temperature of 333 K. A

regulator is then used to control the temperature by varying the mass flow rate of cold coolant through the pump
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and into the heat exchanger. The cooling side is directly contiguous with the HEX model, and variables from that

model combined with new parameters are used to determine the behavior of the cooling side, shown in table 9 and

table 10.

Temperatu re>_,_)|>
To HEX
>—

setpoint Regulator

> A

Cold coolant

Pump

Figure 6: Illustration showing the cooling component

Table 9: Parameters of the cooler

Parameters | Unit | Comment
T ombient K Ambient temperature
ref - Reference temperature
K, - Proportional gain

Table 10: Variables of the cooler

Variables | Unit | Comment
u - Input signal
y - Output signal
Me kg/s | Mass flow rate of coolant medium

Equation 26 is used to calculate the output signal from the regulator to the pump. With u being the monitored
sensor temperature from the HEX, and Ref being the temperature setpoint. The required coolant mass flow to

maintain the desired temperature of the fluid is then determined in the pump by the output signal y.

d
d—:‘;:Kp~(u—ref) (26)

3.3.7 Power supply

The model for the power supply in the digital twin acts as the source for the voltage and current supplied to the
electrolyzer stack. The power supply model is the first model in a series of electrical models, where the information
generated by the power supply model will be transferred to the other models. Therefore, accuracy, as well as

flexibility in how the model for the power supply can be customized, are important design considerations.
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Table 11: Parameters of the power supply

Parameter | Unit | Comment
Vo A% Rms voltage in the power supply
Phase rad | Phase shift of the voltage
f Hz | Frequency of the three-phase voltage
point - Determines where on the y-axis the sine waves are mirrored
startTime S Offset of the time variable that is used when simulating in Modelica

Table 12: Variables of the power supply

Variable | Unit | Comment
Va A% Amplitude of the three-phase AC voltage
Phases rad | Phase shift of second AC voltage
Phases rad | Phase shift of third AC voltage

Ugp A% Value of the first AC voltage wave at a specific time
Ut A% Value of the second AC voltage wave at a specific time
U3 A% Value of the third AC voltage wave at a specific time

Table 11 and table 12 shows all the different values that are either input or calculated in the power supply model. It
is important to note that the parameter Vp is assumed to be a line-to-neutral voltage, as this will impact the choice
and use of relevant equations in the rest of the electrical models. These parameters and variables were deemed
necessary to implement in the model in order to create three symmetric sine waves, imitating the three-phase
sinusoidal nature of AC voltage and current [29]. This measure is important to implement when modeling an
alternating power source since the sinusoidal AC voltage will have a direct impact on how for example the rectified
DC voltage will behave. The modeling of three-phase AC voltage was achieved by using several simple equations

as well as algorithms.

Va=Vp-V2 (27)

Equation 27 is used to calculate the amplitude of the AC voltage waves in the power supply model based on the
input parameter Vp. This step is necessary in order to model the alternating voltage waves correctly, where the
amplitude is assumed to be the same in all three sine waves. The peak AC voltage also provides useful information

directly, as it shows the maximum possible voltage value each sine wave can possibly have [29].

2.
Phases = Phase + Tﬂ- (28)

2.
Phases = Phase — Tﬁ (29)

The phase shifts have to be determined in order to properly model and simulate a three-phase AC voltage from
the power supply. The equations for the phase shifts, with respect to the phase of the first voltage wave, are given
in equation 28 for the second wave and 29 for the third wave. Their specific values were given in order to create
symmetric waves for the three-phase voltage with equal distance between each wave. The values used in equations

28 and 29 are given in radians, and can be directly translated into 60°.
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Algorithm 2 Creation of the three-phase AC voltage u;1/2/3 as sine waves

if time < startTime then

0
else

point + Va - cos(2-m- f - (time — startTime) + Phase/2/3)
end if

Algorithm 2 creates the sine waves used to imitate the three-phase AC voltage, based on the parameters and
variables from tables 11 and 12. It is important to note that in algorithm 2, the variable time is not defined as a
variable in table 12. This is because time in this regard is a pre-existing variable within Modelica that is taken
into consideration every time a simulation is run. Algorithm 2 was heavily inspired by the pre-existing model for
a sine voltage located in the Modelica standard library, as well as literature describing the sinusoidal nature of AC

voltage [29]. Algorithm 2 is used to calculate all three sine waves.

3.3.8 AC/AC transformer

In order to supply the electrolyzer stack with electricity that is within an acceptable voltage range, a transformer
is necessary in order to lower the AC voltage from the power supply [30]. In order to lower the AC voltage, some
calculations can be done including the number of windings in the inductors on both the primary and secondary

side of the transformer. A simple illustration of a transformer can be seen in figure 7.

Primary side Secondary side
A L A
Ut1/2/3 RN Vsi/2s3
\ 4 ' e v
- >
Itrans

Figure 7: lustration showing the primary and secondary side of a transformer

As seen in figure 7, the number of windings on the primary side are greater than on the secondary side. This is
done intentionally in order to lower the AC voltage on the secondary side. This phenomena is based on Faraday’s
law of induction [31]. The three-phase AC voltage from the power supply, as well as the lowered three-phase AC

voltage and rms current on the secondary side of the transformer are also visible in figure 7.

Table 13: Parameters of the transformer

Parameter | Unit | Comment
Np - Number of windings on the primary side of the transformer
Ns - Number of windings on the secondary side of the transformer
Pi W | Tron losses (eddy current losses + hysteresis losses)
Pc W% Full load copper/ohmic losses
PF - Power factor of the transformer

The parameters and variables presented in tables 13 and 14, are the values which are applied and taken into
consideration in the transformer model. The parameter PF, or power factor, is a parameter used in the model

to implement the percentage of actual power output of the transformer compared to the apparent power output.
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Table 14: Variables of the transformer

Variable | Unit | Comment
Ut /12/¢3 A% Three-phase AC voltage on the primary side
Vsi1/2/3 \% Lowered three-phase AC voltage on the secondary side
Vs A% Rms AC voltage on the secondary side of the transformer
Irect A DC current from the rectifier based on the load resistance
Tirans A Rms AC current on the secondary side of the transformer
Pac W Power output of the transformer
Ntrans - Efficiency of the transformer

The power factor is included since some of the apparent power becomes reactive power and can therefore not be
utilised as actual power [32]. An interesting variable to look further into is I ¢, which is the DC current from the
rectifier. This current is calculated by taking into consideration the current from the rectifier which is based on

the connected load resistance. This will be discussed further in section 3.3.11.

Pac

I rans — 3 30
k Vs (30)

In equation 30 the current on the secondary side of the transformer, as well as the AC power output, is calculated.
This is done by dividing the power output by a value of three, due to the AC power being three-phase line-to-neutral
[33]. This expression is then further divided on the V's variable to find the current on the secondary side of the
transformer. How the rectifier current I,..; is found will be explained later in section 3.3.11. The variable Pac

was found by using equation 33 in section 3.3.9.

Ns
Vsi2/3 = Ny U1 /4243 (31)

In equation 31, the lowered AC voltage on the secondary side is calculated using the AC voltage from the power
supply and the number of windings on both the secondary and the primary side of the transformer. Note that in
equation 31 and table 14 the variables for the three-phase AC voltage are three different variables that together
simulate the three-phase AC voltage in Modelica.

Within a transformer, some losses are bound to occur which will affect its efficiency. Among these losses are the
copper/ohmic losses, which occur mostly due to the resistance in the transformer windings, and the iron losses.
The iron losses in the transformer can further be divided into both hysteresis losses and eddy current losses. The
hysteresis losses occur when the alternating current from the grid side is applied to the transformer core which in
turn will cause the magnetic field to be reversed. The eddy current losses can briefly be explained as energy being
expended for no useful purpose in the transformer since some of the current flowing through a core path with a

specific resistance will convert some of its energy into heat [34][35].

In the created model for the transformer in Modelica, these losses are only taken into consideration after they have
been found. This means that the losses themselves are input as parameters into the model with a specific value
of power as seen in table 13, presented as Pi and Pc. These values are then used to calculate the efficiency of the

transformer.

— 3:-Vs- Itrans - PF — PAC
Mrans = (3 Vs Toans - PF) + Pi+ Pc  Pac + Pi+ Pec
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In equation 32 the efficiency of the transformer is calculated by looking at the power output divided by the power
output plus losses. The factor of three is included in this equation as well since the source for the power is
three-phase, and the voltage used in equation 32 is derived from the line-to-neutral voltage Vp of the power supply
[33]. The transformer efficiency is calculated based on the assumption that it is operating at full load, meaning

that the transformer efficiency is expected to be relatively high regardless of the losses [32].

3.3.9 AC/DC rectifier

The main task of the rectifier is to turn the AC voltage into DC voltage [36]. A model for this is necessary due
to the fact that the electrolyzer stack uses DC voltage. To do this, a simple model was created which is based on
calculating the DC components of the individual AC voltage waves, in order to find the rectified voltage which
should be supplied to the electrolyzer stack after it has been controlled. A three-phase six diode bridge full wave
rectifier was chosen as the template for designing this rectifier in Modelica. This type of rectifier allows both the
positive and negative sine waves of the three-phase AC voltage to be rectified, which in turn allows for high rectifier

efficiencies [37].

Table 15: Parameters of the rectifier

Parameter | Unit | Comment

Nrect - Efficiency of the rectifier

Table 16: Variables of the rectifier

Variable Unit | Comment

Vs A% Lowered rms voltage from transformer

Vavg Vv DC voltage of the rms AC voltage Vs

Vsi/2/3 A% Lowered three-phase AC voltage from the transformer
Vbei/pez/pes \% DC voltages of Visy/2/3

Viect A\ Rectified voltage from the three-phase AC voltage

Rioad Q Load resistance from the electrolyzer stack

Lrect A Current in the rectifier based on the rectified voltage and load resistance

There is only one parameter in the rectifier model, presented in table 15. The different variables used in the
rectifier model are presented in table 16. The rectifier efficiency was implemented in the rectifier model to simply
be input as a parameter. This allowed the AC power input into the rectifier, as well as the transformer current to

be calculated as seen in equations 33 and 30 respectively.

Vavg . Irect o PDC

Pac = (33)

Nrect Nrect

Since the rectifier efficiency was implemented as a parameter, the AC power input of the rectifier from the
transformer could be calculated in equation 33. Although this decision undoubtedly removes some depth from
the rectifier model, it was necessary due to the already simple nature of the electrical models. Still, discussion

around plausible rectifier efficiencies will be done later on in section 5.5.8.

~234-Vs (34)

3-V6-Vs
Vavg:VDC:f

In equation 34 the average voltage is calculated. The average voltage from the lowered rms value of the AC voltage
can be described as the DC component of the AC voltage [38]. Important to note is that this variable is not a valid

representation of the actual DC voltage.
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The actual DC voltage from the rectifier will still have some fluctuations in the form of ripple that occur due to
the sinusoidal form of the three-phase AC voltage. Therefore, the ripple in the DC voltage wave will occur because
it has been derived from an AC power supply [39]. Ripple is an unwanted characteristic of the rectified voltage

wave, since it is responsible for power losses [40].

Vb rop = V3 Vs (35)

Vbe, Bottom = V3 - Vs - sin(60°) (36)

Equations 35 and 36 signify the maximum and minimum value of the rectified voltage from the three-phase AC
voltage [41]. These equations will be important in the following algorithms 3 and 4 as they determine the boundaries

for the rectified voltage wave.

Algorithm 3 Calculate the first of three parts of the rectified voltage
if (|Vso| +|Vsal) > VboyBottom then
(IVs2| 4 [Vss])
else
0
end if

Algorithm 3 is used in order to calculate the DC voltage of the first AC voltage wave coming from the transformer.
This is done simply by taking the absolute value and sum of the two other AC voltage waves. If this calculated value
is above the value calculated in equation 36, Vpc/pottom, then it is taken into consideration and used. However, if
the calculated value in algorithm 3 is below Vpc/Botiom, then it is not taken into consideration at all. Algorithm 3
is also applied when calculating the other DC voltage waves, Vpeos and Vpes, by using the other AC voltage waves
in a similar fashion. The absolute value taken from the AC waves in algorithm 3 can be done since the rectifier
is based on a full wave rectifier, where the negative values of the sine waves are also taken into consideration as

previously explained.

Algorithm 4 Calculate the actual rectified voltage Vi ect
if (Vbo1+ Vpez +Vbes) < Vpeyrop then

(Vb1 + Vbez + Vpes)
else

VDC’/Bottom
end if

As explained previously in algorithm 3, the separate parts of the rectified voltage were calculated for each of the
three different AC voltage waves. In order to merge these waves together into a single, rectified voltage wave,
algorithm 4 was applied. Algorithm 4 sums all the DC voltages from algorithm 3 together while still making sure
that the merged wave for the rectified voltage does not move out of its boundaries. As previously mentioned, the
value for V.. will unlike V4, which is derived from equation 34, include some ripple from the AC voltage waves.

The effect of this can be viewed in figure 31 and figure 32 in section 4.3.3.
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3.3.10 Electrical control

In order to determine and control the voltage and current which flows from the rectifier and into the electrolyzer
stack, an intermediate model, called electrical control, is beneficial. A model for the electrical control allows for

calculations in order to achieve a desired current, based on inputs into the model.

pin(p) pin(n)

u V;'ect

Figure 8: Schematic illustrating the electrical control model and its ports

Table 17: Parameters of the electrical control

Parameter | Unit | Comment
I A The ”first” desired current of the stack
I A The "second” desired current of the stack
setTime S The time at which the desired current changes
Rycy Q Reference resistance used to determine feed forward
K, - The proportional gain component used in the PI-controller model
K; - The integral gain component used in the PI-controller model

Table 18: Variables of the electrical control

Variable Unit | Comment
Liesired A The desired current of the stack
Voutput \% DC voltage based on the u signal
Treet A The DC current in the rectifier based on the load resistance and voltage
FError signal A The error signal between the desired and actual current
feed forward A% The error signal between the desired and actual current

Tables 17 and 18 shows the different parameters and variables used in the electrical control model. Most of the
parameters and variables are presented in figure 8 as well. The I,...; variable is directly calculated when the output

voltage is applied to the load resistance based on ohm’s law, and requires therefore no explanatory equation [42].

In algorithm 5, the parameters I, Is and setTime are used in order to determine the variable Ijcgireq. This
algorithm is mainly implemented in order to allow for more flexibility when testing the model in Modelica. If a
constant current is desired, where there is no sudden current change, the I; and I parameters can receive the
same input value and no sudden change in the current will occur. The parameter setTime could also be set as

zero, meaning that the only parameter for the desired current that is taken into consideration is Is.
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Algorithm 5 Implementation of time dependent ramp change of the desired current

if time < setTime then
Idesired = Il
else

Idesired = -[2
end if

f€€d fOTwaTd = lgesired * Rref (37)

The feed forward variable, which is calculated in equation 37, is implemented in order to manipulate and minimize
the deviations of the set point variable [43]. The calculated feed forward value is then directly used in equation 41

within the PI-controller model to determine the u signal.

Error Signal = Idesired - Iactual = Idesired - Irect (38)

Equation 38 shows how the error signal is calculated based on the difference between the desired current and
the actual current. The actual current is the same as the rectifier current. The error signal will then be used
in a feedback loop which gradually corrects the measured error in order to reach the desired current. There are
additional equations used in the electrical control model, but these equations will be explained in the section for

the PI-controller model as these equations uses the calculated u signal.

3.3.11 PI-controller

In order to limit the voltage and current that is supplied to the electrolyzer stack, a controller is necessary. The
model for the PI-controller works as an add-on to the electrical control model, where it determines the u signal

based on the error signal received from the electrical control as well as the Ki and Kp values.

Kp

Proportional

error

Integrator

Integral

Figure 9: Schematic illustrating the blocks within the PI-controller model
The PI-controller model was created by dividing the different operations inside the controller into smaller parts or

blocks as seen in figure 9. This was done to keep the model relatively simple while still providing transparency to

the user.
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Table 19: Variables of the PI-controller

Variable Unit | Comment
Error signal A The error signal from the current difference in the load
K, - The proportional gain component
K; - The integral gain component
u signal A The feedback loop signal used as the output current of the load

In figure 9, the error signal as well as the values for Kp and Ki are transferred from the electrical control model
and into the Pl-controller model. These values are then transferred to either the proportional gain block or the
integral gain block, with an integrator block in front of the integral gain block. The error signal is sent to both
blocks. The PI-controller has no parameters and is therefore solely used to process information to and from the

electrical control model with variables presented in table 19.

Proportional gain = Kp - error signal (39)

Inside the PI-controller model, equation 39 is used to calculate the proportional gain of the error signal where the

Kp value is multiplied with the error signal inside the proportional gain block.

Integral gain = Ki - /(error signal) (40)

The integral gain part of the PI-controller model has an integrator in front of it which integrates the error signal
as a function of time. The integrated error signal is then multiplied with the integral gain value Ki as seen in

equation 40 in the integral gain block.

u signal = Proportional gain + Integral gain (41)

The gains from the proportional integral blocks within the PI-controller are then added together in another block
in order to calculate the u signal as seen in equation 41. The u signal is then sent back to the electrical control

and is in this case directly used as the regulated voltage output of the electrical control model.

Voutput = pin_p.v = u signal + feed forward (42)

Equation 42 shows how the voltage output is simplified to be based on the u signal from the PI-controller model
and sent back into the electrical control model. The use of the u signal in such a way is inaccurate. However, since
the other electrical models are quite simplified in relation to their real-world counterparts, it proved difficult to
implement the u signal in any other meaningful way. Normally the u signal would be implemented to determine
for example the duty cycle in relation to a switching frequency in a more complicated rectifier model [44]. This

depth was not added to the electrical models, hence why the u signal was used in such a simplified manner.

From the electrical control model the V,,py: variable is connected to a signal voltage model retrieved from the
Modelica standard library. By doing this, the voltage can then be transferred to a resistor model through the
connections of electrical pins. A current is drawn from the resistor based on the output voltage. This current is

then used as the current in the rectifier I,.¢.;, which can calculate the DC power output as seen in equation 33.
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3.3.12 Sensors

An important component in a PEM electrolyzer system is the sensors, as the sensor can read the value of a
parameter and transform it into a signal which can be used. The signal in this model is transferred to the Real
Output block in the standard Modelica library under Modelica. Blocks.Interfaces. RealOutput. The medium of any
sensor must be defined, as it is unable to determine values without fluid flow. Three types of sensors are developed

for the digital model.

Table 20: Monitoring method for temperature sensor

Measurement | Calculation | Unit Output

Temperature T of phX K Real output = T

The first sensor is the absolute temperature sensor. This sensor detects the temperature at any fluid port and
based on the pressure, enthalpy, and mass fractions return the absolute temperature. Absolute in this sense means
a thermometric scale where a reading of zero coincides with the theoretical absolute zero of temperature, achieved

by using the standard measure of temperature in Kelvin, K. Table 20 summarizes the monitoring method.

Table 21: Monitoring method for the mass flow sensor

Measurement Calculation Unit Output

Mass flow rate | m_flow at port | kg/s | Real output = m_flow

The second sensor is the absolute mass flow sensor. The mass flow rate is fetched from the mass flow value at the

connected port. Table 21 showcases the monitoring method for the sensor.

Table 22: Monitoring method for absolute pressure sensor

Measurement | Calculation | Unit Output

Pressure P at port Pa | Real output =P

Lastly, the absolute pressure sensor is described. The absolute pressure is fetched from the pressure value at the
connected port. Absolute meaning the pressure relative to the zero pressure in the ideal or absolute vacuum. Table

22 summarizes the monitoring method.
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3.4 Subsystems of the electrolysis system

In the previous section, the relevant BoP components were introduced and explained in detail. By having defined
the different Balance of Plant components, it is advantageous to divide these components into different subsystems.
Doing so allows for a more broad understanding of how the different BoP components interact with each other

within the digital twin.

3.4.1 The liquid-gas separator unit

When the electrolyzer stack is operating, oxygen and hydrogen gases will be generated and flow along with the
liquid, which in this system is assumed to be pure water. These gases need to be separated from the liquid and
sorted accordingly. The oxygen gas is a by-product of the production of hydrogen and can either be released out of
the system or captured and used for other purposes. The hydrogen gas is desired and will therefore be separated

from the liquid in the liquid-gas separator component and then directed to the gas treatment unit.

PURE O2 PURE H2
Liquid
| PURE H20 discharge

Liquid/gas separator tank

HEX
HEX (optional)
A W
N N1
Pump A lon-exchanger lon-exchanger A Pump
(optional)
\ 4 \ 4

Figure 10: Schematic illustrating the different BoP models involved in the liquid-gas separator unit

In figure 10, some of the different components introduced previously in section 3 make up the subsystem. The
cathode and anode side are almost identical, which helps make the subsystem more simple to both model and
simulate. Water is only fed in on the anode side, as there is sufficient proton drag that carries substantial amounts
of water through the membrane and to the cathode side. The main objective of this multi component unit is to
keep the fluid flowing at the desired pressure, mass flow, and temperature. This is achieved by the all components

in the anode and cathode flow, together with sensors and appropriate regulator settings.
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3.4.2 The cooling system unit

The source of cooling in the cooling system unit used to cool the hot side is simple water. As the heat exchange
system is coupled to the coolant water, it is forced through the cooling side of the heat exchanger. Thereafter
the heated water is transported to an ambient sink modeled in Modelica. The centrifugal pump in the system
is coupled to a sensor that relays the measured output temperature of the heat exchangers hot side, which is
then compared to the desired outlet temperature, in this case the reference temperature set point. The difference
between the temperature and the desired temperature affects the rate of change in the output of the pump, thus
affecting the output temperature to reach a desired set point. For the sake of simplicity and ease of use, the signal
directly controls the mass flow rate of the pump, with the power output being a variable. This variable is thus a

calculation of power needed for desired cooling.

Temperature sensor

0 Y
HEX
\A
Heated coolant
Temperature
setpoint Regulator [>—

Cold coolant

Pump
Figure 11: Schematic illustrating the cooling system unit

The cooling system unit is illustrated in figure 11, and it works by having a pump which circulates the fluid of a
specific HEX in the electrolysis system. The fluid is pumped into the HEX with its main task being to cool the fluid
down to a desired operational temperature of the electrolysis stack. The cooling system unit will be implemented

in each of the heat exchangers on the anode and cathode side of the BoP.
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3.4.3 The power supply unit

The electrolyzer stack is unable to operate unless it is supplied with electricity from the power supply unit. The
electricity supplies the electrolyzer stack with electrons through its current, as seen previously in equation 1,
chapter 1. This action allows the electrochemical reactions within the stack to occur, which emphasises why a

stable, continuous supply of electricity is necessary in order to operate the electrolyzer stack efficiently.

Rectifier Transformer Power supply
DC AC

AC AC

Pl controller (e—
Electrical
u control
—>

Figure 12: Schematic illustrating the different BoP models involved in the power supply unit

The models within the power supply unit, which are visible in figure 12, have all been explained on an individual
level and in great detail previously in this chapter. However, a quick summary of how the models are designed to

interact with each other is useful in order to understand the different design choices that has been made.

As established previously, the main task of the power supply unit is to supply the electrolyzer stack with electricity.
To simulate this action in Modelica, the power supply model generates three sine waves that imitate the three-phase
AC voltage. This information is then sent into the transformer model which in turn lowers these waves based on
previous equations like equation 31. When the waves have been lowered, they are transported to the rectifier model
where they are combined into a single wave with smaller fluctuations. This wave is meant to imitate the rectified
voltage. The output voltage is based on the u signal derived from the electrical control and PI-controller. When
the output voltage has been supplied, a current is drawn based on the output voltage and load resistance. This
current is then supplied back into the rectifier and transformer models in order to determine their power outputs
and so on. Further discussion around the advantages and disadvantages of these design choices are presented in

section 5.3.2.

The different intermediate models within the power supply unit, between the power supply and the electrical
control, are referred to in general as power electronics. Power electronics, like the transformer and rectifier, are
equipment that is connected to the field of electrical engineering. This type of equipment is meant to be able to
deal with processing high voltages and currents in order to deliver power that can be used in different appliances.
Types of appliances that are supplied might be everything from household electronics to special equipment used

in different industries like for example hydrogen production through electrolysis [45].
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3.5 The combined system

The complete combined BoP system connected to the electrolyzer stack is illustrated in figure 13. This illustration
shows all the different subsystems connected into a single system or model, which acts as the created digital twin.
The assumptions previously made of pure water fed into the system, as well as pure oxygen and hydrogen exported
from the system, are also visible in the illustration. The anode and cathode side are referred to as anode flow unit

and cathode flow unit respectively.
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Figure 13: Schematic illustrating the combined BoPs of the digital twin within the scope of the thesis

The ion and heat exchanger on the cathode side is as illustrated in figure 13 denoted as optional. This can be
neglected depending on the structural approach of the electrolysis system. The heat generated in the system can
be extracted sufficiently from the anode side. However, it can also be included on both sides as a mirroring of
the anode and cathode side. The same case is true for the ion-exchanger component. However, the HEX and

ion-exchanger models are optional in the cathode flow unit as seen in figure 13.

All components in the anode flow unit and the cathode flow unit are connected with fluid ports previously explained
in chapter 3.1. Information is interpreted from the inlets, processed from the governing equations, and continues
through the outlets.
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Figure 14: Detailed illustration of a laboratory PEM electrolysis system with included BoP equipment [46]

To showcase that the schematic presented in figure 13 reflects the reality of a PEM electrolyzer, a figure of a physical
system is presented in figure 14. Figure 14a shows the liquid management system of the anode flow circuit. Figure
14b includes the PEM stack and the cathode side, where hydrogen gas is separated and stored. The separation
differs from the one developed in the digital twin by having high pressure separators and low pressure separators.
Additionally the dryers are excluded as the hydrogen purification unit is excluded from the digital twin. Figure
14c shows the power supply unit, as well as all controllers used in the PEM electrolysis system. This substantiates

the digital twins structure with a reflection of reality.

31



4 Results

The results chapter presents simulations of all the developed components in the digital twin. Initially, the results
are presented in separate sections to show that each model works individually before they eventually are merged
into a combined system. When the models have been combined and connected to the electrolyzer stack provided
by Hystar, simulations of the entire combined system can be run. Most of the simulations of the models use
predetermined parameters, which are presented in tables. The relevant results are then presented graphically

through figures and/or numerically in tables.

4.1 The liquid-gas separator unit

Simulations done involving the liquid-gas separator unit is presented in this section. As there are fluids present
with fluid port connectors in all components, mass flow sources and ambient sinks from the Modelica library are
used to simulate component behavior. To better grasp the function of certain components, there are multiple

connected together, while others are simulated individually. This is explicitly stated.

4.1.1 Liquid-gas separator

For the liquid-gas separator, the vessel is being fed by pumps operating at 100 W through all three inlet ports.
The pumps are coupled to atmospheric conditions at inlet side. Liquid water is pumped by two separate pumps
into the electrolyzer inlet and the liquid feedwater inlet at 5 °C. Simple air is pumped through the last inlet port
at 50 °C. At the outlet ports, both mediums are extracted at a rate of 0.1 kg/s. The liquid mass of the vessel
starts at 500 kg, and the gas starts at 0.5 kg. The pressure is denoted in the unit of bar in simulations, and not in

Pascal as previously. This is done as the unit bar is more suitable to be shown visually in the simulations done.

Table 23: Simulation parameters in the liquid-gas separator

Parameter | Value | Unit
Vv 1 m3 -
Parameter | Value | Unit
k 1000 W/K
- Mgas 0.5 kg
mgas.outlet 01 kg/S
. ’ Miiquid 500 kg
Miiquid,outlet 0.1 kg/S 5
Tga57 Tliquid 20 C
Tyas 50 °C
Thiquid 5 °C (b) Initial values for the simulation

(a) Parameters for the simulation
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Figure 15: Simulation of the mass balance in liquid-gas separator
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Figure 16: Simulation of the pressure inside the liquid-gas separator

Figure 15 shows the decrease in inlet mass flow rates for the liquid and the gas. This is due to the increase in

pressure as shown in figure 16.
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Figure 17: Simulation of volume of the gas and liquid inside the liquid-gas separator

Figure 17 shows the volume of both mediums inside the liquid-gas separator. This figure is interesting in relation

to figure 16 as the liquid-gas separator model can be controlled, where pressure is controlled by the outlet of gas,

and volume is controlled by the outlet of liquid.
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Figure 18: Simulation of the temperature in the liquid-gas separator

As seen in figure 18, there is a change of temperature in the vessel. The gas quickly increases its temperature as
the inlet of gas is at 50 °C. The gas temperature then decreases due to the heat transfer from the gas to the liquid.
Though it is hard to see, this heat transfer leads to an temperature increase in the liquid of 0.2 °C even though
the liquid is constantly fed water at 5 °C. The small variation in the temperature of the liquid as opposed to the

gas is due to there being way more liquid mass inside the vessel.



4.1.2 Valve at constant pressure

The valve works by regulating inlet pressure, and thereby also affecting the flow rate through the valve. For

testing purposes a simulation of the valve exposed to two different, but constant, pressures are of interest. In this

simulation the opening of the valve varies from 0 to 1.

Table 24: Simulation parameters in a valve

Parameter | Value | Unit
k, 0.1 -
P 202650 Pa
Po 101325 Pa
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Figure 19: Simulation of the valve volume flow rate against opening at constant pressure

The valve curve is presented in figure 19 and shows that the valve design is of a linear type as established earlier.

4.1.3 Valve in series with a pump

In this simulation the valve is placed at the discharge outlet of a pump working at 100 W. In order to produce

better simulation results, this pump does not have a pump curve. The opening of the valve is 0 at 1 second, before
it rises linearly to a value of 1 at 4 seconds.

Table 25: Simulation parameters for a valve in series with a pump

Parameter | Value | Unit
Pintet 101325 Pa
Power 100 W

(a) Pump parameters
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Parameter | Value | Unit
k, 4 -
Poutlet 101325 Pa

(b) Valve parameters
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Figure 20: Simulation of the valve pressure in series with a pump

In figure 20 the inlet pressure slowly increase as the valve is opened. After 4 seconds the valve has been fully
opened, making it stable at a constant pressure value. The outlet pressure is not changed at all since the valve
does nothing to the outlet pressure.
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Figure 21: Simulation of the mass flow rate and volume flow rate through a valve in series with a pump

As seen from figure 21 when comparing to figure 20, the mass flow is decreasing as the pressure is increasing. This

means that the valve is able to control inlet pressure by restricting the mass flow rate through the component.
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4.1.4 Centrifugal pump

The simulation and test of the pump are connected with the power input of the pump. The pump is tested under
varying pressure at discharge and its ability to produce mass flow rate at different head and power input. In this

simulation the outlet pressure starts at ambient pressure and is increased until it reaches the point of no volume

flow.
Parameter Value Unit
Power 100, 200, 300 W
Py 101325 Pa
P, 101325, and rising | Pa
Table 26: Simulation of pump parameters
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Figure 22: Simulation of the pump at varying power input

As seen from figure 22 an increase in power output increases the ability to to deliver flow at higher pressure.
However there is a limit to the maximum volume flow rate. This is due to the pump curve equation mostly being

a placeholder and meant for use only in low volume flow rate situations.
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4.1.5 Ion exchanger

The simulation of the ion-exchanger is done by letting a predescribed mass flow rate flow through the ion-exchanger,

towards an outlet pressure of 101325 Pa.

— Pinlet — Poutlet
1.07

Pressure (bar)
[
=
T

1.01 T 1 T I T 1 T I T 1 T I T 1 T I T 1 T 1

time (s)

Figure 23: Simulation of the pressure drop through the ion exchanger

A simple simulation of the ion exchanger is shown in figure 23. It is modeled as a minor pressure drop, as previously

explained in section 3.3.3, and as shown in this result.

4.2 The cooling system unit

Results from simulations done on the cooling system unit is presented in this section. The heat exchanger is first
simulated independently before it is connected to the cooling system and simulated again.

4.2.1 Heat exchanger

Parameters used in the simulation are presented in table 27. Under these simulation conditions there are multiple

interesting results presented in Table 28.

Table 27: Simulation parameters in the heat exchanger

Parameter | Value | Unit
Map 0.1 kg/s
TMed 0.2 kg/s

Ty 353 K
T. 293 K

Table 28: Simulation results of the heat exchanger

Variable | Value | Unit
A 0.31 m?
q 27375 \W%
7 55% -
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Figure 24: Simulation of the basic heat exchanger model

A simulation of the heat exchanger is shown in figure 24. Predescribed constant mass flow sources from Modelica
are used during the simulation in order to show the basic behaviour of the model, with output temperatures

measured with absolute temperature sensors.

4.2.2 Cooling system

The cooling side of the heat exchanger is connected to the cooling unit and the simulation of this is presented
in figure 25 and figure 26. For the simulation of the cooling system unit, the system is simulated with a desired
output temperature, and the cooling system unit alters the mass flow rate from the pump to the necessary value

in order to provide sufficient cooling. The parameters of the simulation are presented in table 29.

Table 29: Simulation parameters in the cooling system

Parameter Value Unit
Tin,cooling 293.15 K
Tin heated 340 — 335 K
Min, heated 0.1 keg/s

K, 0.01 -
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Figure 25: Simulation of the temperature change in the cooling system unit
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Figure 26: Simulation of the mass flow rate of coolant water

To show how the cooling system unit works, the system was subjected to an instream of hot water at 340 K from
0 — 10 seconds. After this the instream temperature was lowered to 335 K from 10 — 20 seconds. This change in
temperature and mass flow rate is visible in both figure 25 and figure 26 at 10 seconds.
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4.3 The Power Supply Unit

The models within the power supply unit are all dependent on each other, except for the power supply model, and

are therefore all included as parts of the total results of the power supply unit.

4.3.1 Power supply

Since the power supply model acts as the source for the other models in the power supply unit, two different
scenarios were simulated. This was done by using different input parameters in the power supply model in order

to show that the models work as intended even with different starting parameters.

Table 30: Simulation parameters in the power supply

Parameter | Vp | Phase | f | point | startTime Parameter | Vp | Phase | { | point | startTime
Value 230 0 50 0 0 Value 400 3 60 0 0
Unit \Y rad | Hz - s Unit \Y rad | Hz - s
(a) Parameters in simulation 1 (b) Parameters in simulation 2

The parameters used in simulation 1, as seen in table 30a, were a Vp value of 230 V, which is the rms value of the
standard line-to-neutral voltage in Norway, and a frequency of 50 Hz which is the standard frequency in Norway
[47]. On the other hand, the parameters used in simulation 2 as seen in table 30b, were altered in order to show
how the simulation of the three-phase AC voltage will change in both its amplitude, phase shift and frequency in
comparison to simulation 1. The point parameter is kept at zero in both simulations since altering this value would
cause the symmetrical waves to become unbalanced. This would in turn cause instability in the other models and
the results would be inaccurate.
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Figure 27: Simulation 1 of the power supply
In both figure 27 and figure 28, the simulation was run at a stop time of 0.1 seconds in order to show the three-phase

AC voltage of the different simulations due to their frequencies. This will be the standard stop time for all the

models within the power supply unit, except for the electrical control and PI-controller models.
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Figure 28: Simulation 2 of the power supply

Table 31: Simulation results of the power supply

Variable | Va | Phase2 | Phase3 Variable | Va | Phase2 | Phase3
Value | 3253 | Z2~° —2.7 Value | 565.7 ™ -z
Unit \Y rad rad Unit A% rad rad
(a) Results from simulation 1 (b) Results from simulation 2

The numerical results from both of the simulations of the power supply model are presented in tables 31a and 31b.

4.3.2 AC/AC transformer

Two different simulations, with different parameter inputs, were run for the transformer as well.

Table 32: Simulation parameters in the transformer

Parameter | Np | Ns | Pi | Pc | PF Parameter | Np | Ns | Pi | Pc | PF
Value 200 | 50 | 10 | 10 | 0.9 Value 150 | 100 | 30 | 20 | 0.8
Unit - - | W W | - Unit - - W | W| -
(a) Parameters in simulation 1 (b) Parameters in simulation 2

Tables 32a and 32b shows the different parameters used in the simulation of the transformer model. Since the
transformer model is interconnected with the power supply model, and uses some of the power supply’s variables,
it is important to distinguish that table 32a is taking simulation 1 from section 4.3.1 into consideration, while 32b

is taking simulation 2 from section 4.3.1 into consideration.

Simulation 1, visualized in figure 29, shows the lowered AC voltage, referred to as V's; /5,3, in comparison to the
much higher AC voltage from the power supply model. Simulation 2 as seen in figure 30 technically shows the
same as figure 29, except that with altered parameters specific to simulation 2 from tables 30b and 32b, the voltage

values are much higher.

The results presented in tables 33a and 33b, show an increased power output and efficiency with the changed
parameters. The varying values of variables Py and 7.qns is caused by the changing current coming from the

rectifier. This is further explained in section 4.3.4.
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Figure 29: Simulation 1 of the transformer with wu;; /5,3 from figure 27 as reference
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Figure 30: Simulation 2 of the transformer with w;; /5,3 from figure 28 as reference
Table 33: Simulation results of the transformer
Variable | Vs Puc Ntrans Variable Vs Pyc Nerans
Value 57.5 | 317.2—143.6 | 96.1—91.8 Value 266.7 | 3045.3—442.9 | 98.8—92.5
Unit A% W % Unit A% W %

(a) Results from simulation 1

(b) Results from simulation 2

4.3.3 AC/DC rectifier

In the rectifier model, much of the previous information from the transformer and power supply models are

processed in order to simulate the rectified voltage.
In tables 34a and 36b, the efficiency of the rectifier for the different simulations is determined as an input parameter.

The rectified voltage can be seen in figure 31 and figure 32, alongside its boundaries between Vpc /10, and Vpe /por-
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Table 34: Simulation parameters in the rectifier

Variable | Value | Unit Variable | Value | Unit

0.9 - Trect 0.8

Nrect

(a) Rectifier efficiency in simulation 1 (b) Rectifier efficiency in simulation 1
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Figure 31: Simulation 1 of the rectifier
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Figure 32: Simulation 2 of the rectifier

The lowered three-phase AC voltage from the transformer model can be seen in both figures as well.

The results from the rectifier simulations, presented in tables 35a and 35b, are affected by the results from the

electrical control model.

This is seen in the variable Ppc in both simulations as it varies based on the actual

current from tables 36a and 36b.
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Table 35: Simulation results of the rectifier

Variable | Vpc/avg Ppc
Value 134.6 | 286—129.3
Unit \Y% W

(a) Results from simulation 1

4.3.4 Electrical control and PI-controller

The simulations of the electrical control and PI-controller models illustrate the behavior surrounding the implementation

of the output voltage from the rectifier as the u signal.

Variable | Vpc/aug Ppe
Value 624 2436.2—354.3
Unit \% W

(b) Results from simulation 2

Table 36: Simulation parameters in the electrical control and PI-controller

Parameter | Rrcs | Rioaa | Kp | Ki | lgesired Parameter | Rycr | Rioaa | Kp | Ki | Igesired
Value 1 0.5 1 10 2—1 Value 1 2 5 5 4—0.5
Unit Q Q - - A Unit Q Q - - A

(a) Parameters in simulation 1 (b) Parameters in simulation 2
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Figure 33: Simulation 1 of the electrical control and PI-controller

time (s)

In tables 36a and 36b the parameters are presented. Note that in both of the simulations the desired current is

changed midway through the simulations by using algorithm 5.

In figure 33 and figure 34, the error signal is gradually lowered as the error between the desired and actual current

is corrected. The error signal eventually reaches a value of zero as the output current reaches the value of the

desired current. There is no need for results presented in tables, since the simulation showcases that the error

signal is corrected down towards zero and the desired current is reached by the actual current. Important to note

is that the efficiencies and power outputs of the transformer and rectifier, presented in tables 33a, 33b, 35a and

35b, is derived from when time is equal to 5 seconds or 10 seconds into the simulation. This is when the current

is closest to its desired value as seen in both figure 33 and figure 34.
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Figure 34: Simulation 2 of the electrical control and PI-controller

4.4 The combined system

The combined system is simulated under steady-state conditions where all the created models are connected to
the electrolyzer stack. The models have been connected in similar fashion to the schematic previously presented in

figure 13. The stack is as previously mentioned developed by Hystar, and the stack’s structure and behavior will

not be further elaborated in this thesis, other than its input parameters.

Table 37: Simulation parameters in the electrolyzer stack

Parameter | No.of cells | Active area | Currentsiaer | MasSsiack
Value 10 500 1500—1000 25
Unit - cm? A kg

In table 37 the parameters used in the electrolyzer stack are presented. These specific parameters were provided

by the thesis’ supervisors, except for the mass of the stack.

For a smooth initialization and simulation, the stack is dependent on appropriate initial values. The initial values

Table 38: Initial values for the stack

Variable Value | Unit
Myiquid,anode 9 kg
Myiquid,cathode 1 kg
P gas,anode 4.99 bar
Pgas,cathode 29.9 bar
T gas,anode 345 K
Tliquid,anode 345 K
T gas,cathode 345 K
Tliquid,cathode 345 K

used for the simulation are presented in table 38.
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Table 39: Reference values for the full simulation

Sub model Variable Value | Unit
Cooling system, anode Threr 325 K
Liquid-gas separator, anode Prey ) bar
Liquid-gas separator, cathode | P, 30 bar
Liquid-gas separator, anode Vimin,liquid 25% -
Liquid-gas separator, cathode | Viaz tiquia 90% -

For the system to operate as desired, reference set points are set. These values are presented in table 39, and can

easily be changed if different values should be desired. The volume values are representing the % of total volume.

Table 40: Mediums used in the combined system simulation

Medium Medium package

LiquidMedium Modelica.Media.W ater.StandardW aterOnePhase
AnodeGasMedium Modelica.Media.ldeal Gases.SingleGases.O2
CathodeGasMedium | Modelica.Media.IdealGases.SingleGases.H2
CoolantMedium Modelica.Media.W ater.StandarsW aterOnePhase

For the simulation of the full system several medium models were used. Table 40 lists all replaceable medium

packages in the full system and their assigned medium package.

4.4.1 Anode flow unit

As previously established, the anode flow unit corresponds to the anode flow subsystem of the liquid-gas separator

unit, seen in figure 10 in section 3.4.1

Table 41: Initial values for the anode flow unit

Sub model Variable | Value | Unit
Liquid-gas separator P 4.9 bar
Liquid-gas separator Tyas 345 K
Liquid-gas separator Tliquid 345 K

Liquid-gas separator Myiquid 500 kg

Predescribed pump m 0.15 kg /s

All specified initial values given for the anode flow unit is presented in table 41. For this simulation initial values
was given in order to emphasize desired behaviour. By having the pressure value from table 41 close to the reference

pressure given in table 39, it becomes easier to show the regulation of the pressure.
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Figure 35: Simulation of the pressure in the liquid-gas separator on the anode side

Figure 35 shows the pressure of the anode system against the declared desired pressure of the liquid-gas separator.

As seen in the figure the pressure increases until it reaches its reference value.
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Figure 36: Simulation of the actual and desired temperature on the anode side

Figure 36 shows the difference between the desired temperature and the actual output temperature of the cooling
system unit. The temperature T,,; for this simulation is desired to constantly be approaching T jegireq. However,
the temperature into the cooling system unit is dependent on a number of other variables in the simulation which

also affect the increase or decrease of the temperature output.
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4.4.2 Cathode flow unit

Similarly to the anode flow unit, the cathode flow unit is also a subsystem of the liquid-gas separator unit, previously

shown in figure 10 in section 3.4.1.

Table 42: Initial values for the cathode flow unit

Sub model Variable Value Unit
Liquid-gas separator P 29.8 bar
Liquid-gas separator Tyas 345 K
Liquid-gas separator Tiiquid 345 K
Liquid-gas separator Myiquid 500, but Modelica overrides this to 155 kg

The initial values for the cathode flow unit is presented in table 42. The ion-exchanger and HEX, which were
optional on the cathode side, were discarded in the simulation. The initial values for the cathode flow unit were

similarly to the anode flow unit given in order to emphasize desired behaviour.
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Figure 37: Simulation of the pressure in the liquid-gas separator on the cathode side

Just like the anode flow unit, the liquid-gas separator on the cathode flow unit is also regulated by a valve as can
be seen in figure 37. The pressure in the cathode flow unit can be seen approaching the desired pressure value a
lot slower than the pressure in the anode flow unit seen in figure 35. A small dent in the curve for P, is also

visible at the time of 50 seconds, which is when the current supplied to the electrolyzer stack is lowered.
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Figure 38: Simulation of the mass flow rate of Hs on the cathode side

The actual mass flow rate of hydrogen gas, as an output from the electrolyzer stack, is presented in figure 38. This

mass flow rate also be referred to as the hydrogen production rate of the electrolyzer stack.

4.4.3 Power supply unit

Table 43: Simulation parameters in the power supply unit

Parameter | Ki | Kp | Ryef f
Value 5 5 2 1
Unit - - Q) Hz

In the combined system, where the power supply unit is also connected to the electrolyzer stack, input parameters
are needed. The simulation parameters used in the power supply unit of the combined system is for simplicity’s
sake kept almost identical to the simulation parameters from simulation 1, which were previously presented in
tables 30a, 32a and 34a in section 4.3. Still, some parameters have been altered from the previous simulation in

order to make the simulations run more smoothly. These new parameter values are presented in table 43.
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Figure 39: Simulation of the combined system showing the input voltage and cell voltage of the stack

In figure 39 the voltage from the power supply unit, as well as the cell voltage within the membrane of the
electrolyzer stack, are presented.
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Figure 40: Simulation of the combined system showing the power outputs

Figure 40 shows the power outputs of the combined system. The power output of the transformer is shown as Pa¢
and the power output of the rectifier, which theoretically could be used in the electrolyzer stack, is shown as Pp¢.

The actual power output from the power supply unit to the electrolyzer stack is shown as Ppc)stack
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4.4.4 Electrolyzer stack
The electrolyzer stack has already had its simulation parameters presented in table 37.
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Figure 41: Simulation of the combined system showing the temperatures in the stack

In figure 41 the temperature of the stack membrane, anode liquid and cathode liquid are shown. It is important
to note that the temperature is continuously increasing during the simulation run time. What this continuous

temperature increase means, and how it affects the combined system will be discussed later in section 5.4.1.

Vstack/cell VS Ustack
2.34

o N
\V] —_ [}
| IS N I R S R

Cell voltage (V)

—_
©
P I

1.8

1.5e+04

— T — — —
3e404 3.5e+04 de+04 4.5e+04
Current density (A/cm?2)

—— ——
2e+04 2.5e+04

Figure 42: Simulation of the combined system showing the polarization curve in the stack membrane

The polarization curve of the electrolyzer stack can be seen in figure 42. The current density as the x-axis and the

cell voltage as the y-axis are plotted against each other, showing a linear relation between both axes.
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5 Discussion

It is important to reflect on and examine the gathered results in a thesis. The discussion chapter aims to examine
the models in order to create an overview of the correctness and accuracy of the simulations. This section is
structured as the previous chapters, with a general discussion of the subsystems and their results followed by
discussion around the design choices, sources of error and validity of each individual model. The results and
validity of the combined system of the entire digital twin, connected to the electrolyzer stack, is discussed as well.

Future development and improvements of the digital twin are discussed in closing.

5.1 The liquid-gas separator unit

The liquid-gas separator unit consists of several components as previously explained in section 3.4.1. A discussion
of relevant findings from the simulations done in section 4.1 is presented, as well as design choices and potential

sources of errors in the subsystem.

5.1.1 Results

The pump has one of the more restrictive designs in the digital twin. Relating power, head, and volumetric flow
rate into a pump curve can be a difficult task. Therefore, in the case of the pump model, a pump with plausible
values around the working point was chosen. As the pump is to be operating at somewhere around 4 m?/h for this
model, the pump curve equation 4 works as a gross estimation of curve behavior. However, as seen from the result
in figure 22 these results can only be thought of as an estimation around a certain flow rate. Due to the nature of
the estimated pump curve, a flow rate of 10 m?®/h will always happen due to the pump curve equation, equation
4. If the pump was to operate at higher flow rates, this issue would need to be addressed by linking the power to

the second degree part of equation 4.

As shown in figure 20 and figure 21, the valve is working as intended by controlling the flow rate which in turn
increases the inlet pressure. From figure 19 it is also apparent that the valve curve is of type linear as desired, as
the figure shows the linear relationship between the opening and the flow rate through the valve. The ion exchanger
does what it is intended to as seen in figure 23. However, this is as previously explained, due to it only being a

minor pressure drop.

The liquid-gas separator vessel includes the internal energy balances for both of the included fluids as well as
their mass balances. Some physical phenomenas within the volume was simplified, but the results still show
desired behavior. As seen in figure 13, 15 and 16, all values of variables and parameters are related to each other.
Increasing liquid inside the volume leads to a compression of the gas, which again leads to an increase in the
pressure of the vessel. The vessel also includes the change in internal energy for both mediums and their change
in mass. The change in internal energy also includes heat transfer between mediums, where medium temperatures
can be seen in figure 18. The results from the simulations done in section 4.1.1 are plausible, though validating

these results to real-world data is difficult. This will be further discussed in section 5.5.5.

5.1.2 Design choices and limitations

The design choices for the pump were mainly driven by a desire to create a pump able to handle a pump curve
in addition to keeping the structure and governing equations fairly simple. This included adding the possibility of
a pump curve, where a generic one was used as a placeholder. The estimation of the pump curve is therefore a
major design limitation as developing an actual general pump curve equation relating power, head and flow rate
proved difficult. The major limitation here is the pumps inability to deliver more than 10 m3/h. The included

predescribed mass flow pump does not have this problem as the pump curve given by equation 4 is discarded.
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For the valve, some assumptions and simplifications were done. For a modeled valve, nominal pressure drop at full
opening and nominal leakage at the full opening would normally be included. This is however harder to model,
since it can create some problems with dividing by zero and similar issues. Instead, an if loop was created in order
to limit the opening to be between 0.01 and 0.99. This solves the aforementioned problem, and also helps with the
ease of use of the model. This is a major simplification and should therefore be addressed in future work. Having
the valve highly sensitive to the k, factor and the opening was an intended behavior for the model. For easier

controlling of inlet pressure an equal percentage valve could also have been implemented.

For the ion exchanger, multiple simplifications were done. The ion exchanger is modeled simply as a minor pressure
drop given by some constant k as previously explained. This was agreed with the supervisors of the thesis to be
sufficient behavior. The main reason for this is that the complexity it would take to model an actual ion exchanger
is beyond the scope of this thesis. The water is instead assumed to be of desired conductivity. This assumption
makes it so that the ion exchanger, in addition to achieving the desired conductivity, contributes to a minor pressure

loss in the flowing stream.

The liquid-gas separator is modeled as a volume with unspecified geometry, as this greatly decreased the complexity
of the model. This meant neglecting the actual geometry of the volume. For the internal energy balance, a function
base properties was used, where the base properties of a medium is constantly calculated from the state of each
fluid. This was done as it was proven to be an efficient way to model the vessel whilst taking pressure-volume
changes into consideration. For further simplification of the vessel, and the model as a whole, it was decided to
split the instream of the multi component stream into two separate streams. This means that the vessel is not
actually separating the fluids. For the sake of simplicity, the mixing of fluids was assumed to be immediate and

the the overall heat transfer coefficient was assumed to be a constant.

5.1.3 Sources of error

The pump is subject to multiple sources of error, the major one being the difficulties around the approaching of a
pump curve. As the pump curve was modeled as a generic curve meant to fit the working range of the pump in
the full system, it is not assumed to be valid outside of its operating range. Other major sources of error are the
simplifications made in the sizing of the pump. For the predescribed mass flow pump the major source of error is

the absence of a pump curve.

The major source of error for the modeled valve is, as stated earlier, inherently a combination of the valve equation
8 and Modelica’s inability to handle dividing by zero. This is the reason the valve never completely opens and is
never completely closed, whereas in reality the valve should include a predescribed pressure drop at full opening
and some leakage at full closed. The approach works well for running a simulation smoothly but does include some

inaccuracies in the actual values.

The vessel is modeled using several simplifications, which undoubtedly is a source of error. The assumption of
enthalpy outflow at the exact enthalpy of the vessel disregards the physics behind the mixing of vessel medium and
inflowing medium. Another source of error is the heat transfer between mediums in the vessel. This is for now is

given by a coefficient and temperature difference.

5.2 Cooling system unit

The cooling system unit is made up of three main components, the heat exchanger, the cooler unit, and a centrifugal
pump. All of these components have been described in detail previously. Simulations from the cooling unit that
creates the foundation for discussion have been presented previously in section 4.2. Interesting aspects from the
simulations are discussed, as well as design choices and assumptions made. Potential causes for errors are also

looked into.
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5.2.1 Results

As figure 28 seems to indicate, the results are close to what one would expect from a counter-current HEX as the
temperature gradients have crossed. It is also apparent that the mass flow rates and medium type greatly affect
the total heat exchange as well as the outlet temperatures in the HEX. When the mass flow rate of either the hot

or the cold fluid deviates greatly, the heat capacity ratio is strongly affected, and in return the effectiveness as well.

The cooler with its control system is working as intended, as illustrated from the simulation in figure 25. The
temperature outlet from the heat exchanger is controlled by the set temperature in the regulator. This enables
the electrolyzer stacks inlet water to be at its optimally desired temperature of 330 Kelvin. The centrifugal pump
shows a change in the mass flow rate of the coolant medium as expected, with belonging power input increase
being calculated. For the last half of the simulation in figure 26 the set temperature is lowered and the coolant

flow rate required is shown decreasing as well.

5.2.2 Design choices and limitations

The heat exchanger model developed in the project is created with certain simplifications and assumptions, which
again affects the models behavior. As there is insufficient information to calculate the Log-Mean Temperature
Difference, the NTU method is applied as previously explained in section 3.3.5. During simulations of the heat
exchanger, the efficiency was calculated to be in the lower end, and with great dependency on the mass flow rates
of the system. The efficiency of a liquid/liquid heat exchanger is expected to be higher, but this is dependant of
the HEX design and operational values. However, the models behavior still is as expected, with a transfer of heat

from the hot to the cold fluid at plausible values.

Initially the heat exchanger model had an increased complexity, with the overall heat transfer coefficient being a
variable calculated. As explained in section 3.3.5, this proved to difficult as the heat transfer coefficients greatly
depends on the nusselts number. This also depends on the geometric design of the heat exchanger, as well as
the laminar and turbulent flow boundary, dependant of the Rayleigh’s number. Therefore a constant overall heat
transfer coefficient were chosen, with a value of 1250 W/(m?- K), based on representative values found online for a
liquid/liquid plate heat exchanger [48]. This being the average of a selected range of values. A geometrical design
of the heat exchanger had to be defined. These were estimated values based on what a reasonable sizing for the
heat exchange required. A diameter of 0.05 m were chosen, and a length of 2 m. This gives an area, A, of 0.31
m?2. These values are unknown, and are only estimates based on what the authors found to be appropriate sizing

for the heat exchanger’s purpose.

The temperature control of the cooling system unit is controlled by a regulated signal. The proportional gain
signal, K,,, can be varied to regulate how quick the response time of the change is. An important advantage of
the PEM electrolysis technology is its quick response time. This indicates that important auxiliary equipment also

requires to be subject of quick changes in the system.

5.2.3 Sources of error

It is of great importance to acknowledge potential sources of error in order to document and evaluate the models
created. The model includes fundamental equations from both heat and mass transfer and fluid dynamics. These
equations are interpreted by the Modelica compiler, and although the resulting values are plausible, there are room

for potential human errors.

When constructing a digital model it is important to have profound knowledge of the respective physical system.
When this is not the case, estimates and assumptions has to be made. A potential cause of error could emerge
from this. As the geometrical design of the HEX is a required parameter for the NTU method, estimations had to

be made, potentially deviating from a realistic sizing.
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The modeling program used, Modelica, was unknown at the start of the project period, meaning that the program
in some aspects was learnt as parts of the model were created. This could be a source of error, as early code

implementation could differ from the desired behavior.

5.3 The power supply unit

This section of the thesis provides discussion around the specific results, design choices, limitations and sources of

error relevant to the power supply unit.

5.3.1 Results

The results from the power supply unit, which were presented in section 4.3, generally show the expected behavior

of the electrical models which were designed and explained in section 3.3.7 to section 3.3.11.

The power supply model managed to generate three symmetric sine waves to imitate three-phase AC voltage. This
was achieved in both of the simulations that were run as can be seen in figure 27 and figure 28. The change
of parameter values in simulation 2, where both the input rms voltage and frequency were increased, returned
expected results as well. The higher frequency caused a shorter distance between the sine waves and the higher
input voltage generated higher amplitudes of the sine waves. The results of the power supply model provided in
tables 31a and 31b also return numerical values that are consistent with equations 27, 28 and 29 from section 3.3.7

in both simulations.

For the AC/AC transformer model, the lowering of the three-phase AC voltage from the power supply model was
achieved in both simulations as can be seen in figure 29 and figure 30. It became apparent the large impact the
number of windings on either side of the transformer had. In simulation 1 the number of windings was a lot higher
on the primary side than on the secondary side in comparison to simulation 2, which can be seen in tables 32a and
32b. This caused the lowered sine waves in figure 30 to be much closer to the sine waves from the power supply.
This was expected since the calculations of the lowered sine waves were based on equation 31, where the ratio
of windings between the primary and secondary side of the transformer is directly taken into consideration. The
other results of the transformer, presented in tables 33a and 33b, all show expected behavior as well in relation to
each of their respective equations. The transformer efficiencies in both simulations will be looked more into when

discussing the validity of the transformer model in section 5.5.7.

The rectifier model managed to turn the three sine waves into a single wave, reflective of the rectified voltage
derived from an AC voltage source. As can be seen in figure 31 and figure 32, the rectified voltage is higher than
the lowered AC voltage in both cases. This is expected since the rectifier model was based on a three-phase full
wave six diode bridge rectifier which, as explained previously in section 3.3.9. In figure 31 and figure 32 the ripple
of the rectified voltage is visible as small fluctuations on the variable V.. in the simulation. What ripple does
and why it occurs was briefly explained in section 3.3.9 as well. The numerical results of the rectifier presented
in tables 35a and 35b are interesting to have a closer look at. Since the current in the rectifier is derived from a
connected load, the values for the DC power output, Ppc, have different values in both simulations. This is due
to the change in the rectifier current since the desired current in the electrical control model was changed after 5
seconds as previously mentioned. Additionally, the parameter input of the rectifier efficiency was hard to determine
correctly. Whether the used rectifier efficiencies, presented in tables 34a and 32, are accurate or not will be further

discussed when validating the rectifier model in section 5.5.8.

When looking at the results from simulations 1 and 2 of the electrical control and PI-controller, it seems that the
models were able to correctly determine the error signal and in turn, control the output current of the power supply
unit. This can be seen in both figure 33 and figure 34. The rate at which the slope of the current I,ctyq; is either

rising or falling over time is also affected by the input parameters presented in tables 36a and 36b.
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The error signal in both simulations was determined by taking the difference between the actual output current and
the desired output current as previously done in equation 38. In conclusion, the electrical control and PI-controller
models managed to create a feedback loop which in turn gradually lowered the error signal until there was no

difference left between the desired and actual output currents.

5.3.2 Design choices and limitations

When designing the power supply unit of the digital twin, the main task was to create an interactive, three-phase AC
voltage source and some intermediate models which could be used to supply the electrolyzer stack with electricity.
Through discussions with the thesis’ supervisors, it was agreed upon that the models did not have to include the
electrical circuits. The inclusion of power components like inductors, capacitors, diodes, and so on was therefore
not necessary in the electrical models of the digital twin. The idea was then instead to find relevant equations,

either online or through literature, to imitate the behavior of the specific power electronics that were to be modeled.

As stated previously, the information from the power supply model was used in all the other electrical models. To
be able to transport this information, some sort of connectors between the models had to be used. Normally for
electrical models in Modelica, electrical pin connectors are used. Electrical pin connectors allow for the voltage
and current to flow from one model to another. However, this type of connector was not used on most of the
electrical models as it allowed little customization for defining which variables should be transferred. Therefore,
custom connectors were created in the power supply unit and implemented on the electrical models. These custom
connectors allowed the transport of multiple variables, for example, the three different sine wave variables from
the power supply model, to be transported to the transformer model and used. Doing this made it relatively easy
to transfer desired values from one model to another. However, the downside to using this method is that the
electrical balances of the models are not upheld. The electrical values are instead treated like information with no
flow. Fortunately, due to the simplicity of the electrical models in the digital twin, treating the electrical values as
information works just fine since they are compatible with the implemented equations and provide expected results

as discussed earlier in section 5.3.1.

5.3.3 Sources of error

Human error in the form of misinterpreting literature or failing to understand the desired behavior of a model
is undoubtedly some of the largest sources of error within the power supply unit. Finding the correct equations
for a model for example proved difficult, as many of these equations can be found online. These equations are
then often based on specifics like if there is a single phase or three-phase AC voltage being supplied. How many
diodes a rectifier has and whether it is a full wave, half wave, three-phase full wave, or three-phase half wave are
examples of specifics that are important to keep in mind when simply looking for the correct equations. Often,
especially when found online, the equations are not labeled regarding these critical specifics. This may cause the
models to behave inaccurately. The authors had little to no experience with power electronics prior to this thesis,
hence why finding the correct information in the electrical models could be difficult. Therefore, critical thinking,
cross-reference checking of sources, and some guidance from the supervisors were measurements taken to minimize

these sources of error.

Another possible source of error is the simplified nature of the electrical models. Since electrical circuits were not
modeled, a great layer of depth was lost. This makes it more difficult to assume and calculate the power losses,
power output and efficiencies in the electrical models, especially the models imitating the power electronics. This
is due to the fact that some expected losses can only be input as parameters in the models and several different
types of losses are not taken into consideration at all. The impact of these simplifications does not necessarily act
as a source of error regarding the design choices and the following results presented in section 4.3, but acts instead
as a source of error in regards to the model’s real-world validity. This will be discussed more thoroughly in section
5.5.
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A general weakness of the power supply unit is how much a high frequency on the three-phase AC voltage slows
down the simulation time in Modelica. This became especially apparent when the combined system was simulated
in section 4.4. Due to this, the frequency parameter in the power supply model was set to 1 Hz as specified in table
43 in order to simulate. Although this did not cause any problems during this simulation, it might cause some in
the future. As the complexity of the models within the digital twin are increased, more components which utilise
frequency will most likely be added. An example could be in the case that a switch is added. A switch operates
often in the kHz range in order to control the current or voltage going into the electrolyzer stack [44]. Having
such a high frequency on a switch would undoubtedly cause very long simulation times and lowering the switching
frequency might cause it to no longer work . This does not necessarily act as a source of error, since letting the
simulation run for a longer period of time with the needed frequency should still work. However, if the simulation

crashes midway through or the parameter inputs were wrong, it will be a timely process.

Lastly, input of the wrong or unrealistic parameters is also a great source of error in the power supply unit that
will affect the results of the models greatly. It is for example possible to create situations where the efficiency of
some models might exceed 100%. This should not occur if built in values in the Modelica Standard Library, like
efficiency, are used when defining the different variables. Modelica will still simulate if it can, but the user will be
informed through the message toolbar if any unrealistic values occur. Therefore, determining which parameters
work together in the power supply unit and in general, is instrumental in order to have the models behave as they

were designed to.

5.4 The combined system

Discussion around the results and possible sources of error of the combined system is presented in this section.
Design choices and limitations are not discussed for the combined systems due to the fact that all the connected
subsystems, like the power supply unit, have already been discussed. The electrolyzer stack, which was provided
by Hystar, was not created by the authors of this thesis. Therefore, discussing design choices and limitations of

the stack itself would be difficult and most likely inaccurate.

5.4.1 Results

The desired pressure of the system is maintained for both the anode and cathode side, as shown in figure 35
and figure 37 respectively. These values are as expected, and show that the system is responding well to the
predetermined reference pressures. The change in actual pressure is somewhat abrupt, but this is mainly due to

the pressure being controlled by a simplified control loop instead of an actual regulator with appropriate settings.

The temperature outlet of the anode flow is presented in figure 36, and is highly dependent on the other models of
the combined system. Initially the temperature rises when the current is high. When the current is reduced from
1500 ampere to 1000 ampere at 50 seconds, the temperature starts decreasing down towards its reference value.
The desired current is presented in table 37. The fact that the temperature still increases when the current is
high, and that it seemingly does not reach its desired temperature even when the current is lowered, might indicate
that the cooling is insufficient. Still, the fact that the temperature is affected by the current at all shows that the

combined system is at least simulating correctly.

The hydrogen production rate is presented in figure 38. The decreased production rate at 50 seconds is expected,
most likely due to the sudden change of the current. However, the continuous decrease under most of the simulation
is an abnormality. Exactly why this happens is unknown, since explaining and understanding all the code within

the electrolyzer stack is outside the scope of the project.
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The voltage into the electrolyzer stack from the power supply behaved as expected in the simulation of the combined
system. The voltage, which can be seen in figure 39, was initially at around 20 volts before it dropped down to
about 18 volts when the current, which was presented as an input parameter in table 43, was reduced 50 seconds
into the simulation. The AC power input and the DC power output of the rectifier, as well as the actual DC
power input into the electrolyzer stack is shown in figure 40. The actual DC power input into the stack is greatly
different from the DC power output of the rectifier. This is due to the fact that the output voltage of the electrical
control model was calculated from the u signal as mentioned earlier. This output voltage is then multiplied with

the I,ciuar current in order to find the actual DC power output.

The calculated temperature of the electrolyzer stack’s membrane, anode liquid and cathode liquid, presented in
figure 41, shows an initially steep increase the first 10 seconds before it eventually is cooled and increases at a
much slower rate. Still, the fact that the temperature continues to increase means that the cooling system is not
correctly tuned to the electrolyzer stack, or that an additional cooling system unit should be directly connected to
the stack as well. The polarization curve for a single cell in the stack is presented in figure 42. The polarization
curve is an important parameter for any electrochemical reaction, as it is often used to assess the performance of
the PEM electrolyzer. In the polarization curve, it is possible to often see losses such as activation losses, ohmic
losses and concentration losses [49]. The polarization curve appears to be mostly linear, meaning that the ohmic
losses are most likely present in the model. As for the activation losses and concentration losses, they do not seem
to occur. Whether or not this is due to the stack model from Hystar, or the incorrect use of input parameters in

the other models is unknown.

5.4.2 Sources of error

During the simulations of the combined system, the compatibility of the input parameters and initialization values
between all models played a major role in whether or not the simulation was able to initialize and run. If the
cooling system was not tuned to the electrolyzer stack’s heat generation, or the wrong initialization values were
used then the simulation would often crash. Lack of sufficient real-world data to use in the created models made
the process of getting the simulation to run one of trial and error. The supervisors provided some parameters
which could be used in the stack, but for the other models the values had to be guessed. Still, the simulation of

the combined system was eventually able to run, returning mostly expected results.

Other sources of error include the DC power output of the rectifier not being supplied to the stack. This source
of error is similar to the error in the power supply unit where the output voltage is not derived from the rectifier
either. Still, these values can later be implemented which will be discussed in section 5.6.3. The complexity of the
combined system, with long simulation times, several crashes and many new parameters introduced in the stack,
made the consistent use of the same simulation parameters often difficult. Sometimes Modelica would behave
strangely and seemingly delete several packages from the combined file. Measures were taken in order to keep the
input parameters and initialization values as similar as possible between the simulations done and presented in

section 4.4.

5.5 Validation

To determine the validity of the created models, each component is compared individually to its real-world behavior
where it is possible to do so. Preferably the validation process of each model also consists of results from a great
amount of sources. This is done in order to prevent the models in the digital twin from being an exact replica of a
real-world component from a single source, but rather having them as generic and robust models that are flexible

while still returning expected results compared to their real-world behaviour from several sources.
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5.5.1 Centrifugal pump

As the centrifugal pump operates as a generic pump, validation of this pump is hard. One can assume that there are
great differences in expected and actual results due to an inaccurate pump curve. However, the working principles
of the pump is theoretically valid as shown in section 5.1.1. The flow is dependent on the inlet and outlet pressure,

as well as the power output.

5.5.2 Valve

Since the valve is modeled as a way to control pressure drop and resistance to mass flow, results presented in figure
20 and figure 19 indicate this working principle. Further validation against real world data requires an actual valve

and knowledge regarding its curve. This valve can simply be validated as a working linear valve from figure 19.

5.5.3 Heat exchanger

As explained in section 5.2, the heat exchangers efficiency is on the lower end, with a value of 55%. Compared
to a physical heat exchanger based on counter-current flow and the use of the NTU method, higher efficiency is
expected. It proved difficult to find a way to accurately validate the heat exchanger, therefore a comparison to
known behavior is done. The digital heat exchanger model’s efficiency is greatly dependent on the mass flow rates
of both the cooled and heated medium. In addition to this the area of the heat exchanger is an important factor,

an area that was assumed to be 0.31 m?.

5.5.4 Cooler

The cooler is primarily built up around the centrifugal pump, which controls the desired amount of coolant medium
circulated. Therefore, a validation of the cooling system is greatly contiguous with the validity of the centrifugal
pump. As previously explained, validating this component proved to be difficult as there are no experimental
data available to accurately compare the simulated data to. However, conclusions can be drawn by evaluating the

cooler’s ability to dissipate heat with already known physical behavior in a system.

5.5.5 Liquid-gas separator

The liquid-gas separator model is hard to validate as its behaviour depends on multiple parameters, variables,
assumptions and initial values. To perform some form of validation for the model would require an elaborate
experiment or data from an actual volume operating in the same matter as the liquid-gas separator. Validating
that the volume operates exactly as a physical volume would is hard, but validating the working principles can be

done and has been simulated and shown in section 4.1.1.

5.5.6 Power supply

Verifying the exact real-world behavior of the model for the power supply proved difficult due to the complexity
of a three-phase AC source. The behavioral data used to create the model for the power supply were theoretical
approximations. These approximations were assumed to resemble the model’s real-world behavior close enough
for the model to be valid, at least within the scope of this thesis. Validating the power supply model any further
would therefore be a difficult task without a laboratory with electrical equipment or data provided from real-world
experiments. The use of a laboratory was outside the scope of the thesis and was not deemed necessary as the
development of the models themselves was instead prioritized. Still, there are undoubtedly going to be losses of
some sort that will diminish the validity of the power supply model. These losses might for example occur either
through voltage drop due to internal resistances of wiring or heat dissipation. These types of losses are neglected
in the model. The power supply model is, as shown previously in section 3.3.7, solely based on equations used to

determine its expected behavior, like the sinusoidal nature of the AC voltage.
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5.5.7 AC/AC transformer

The transformer model faces a lot of the same problems as the power supply model does when it comes to performing
a validation process. For example, the relation between the number of windings on the primary and secondary
side and the consequential lowering of the AC voltage seems like behavior that did not exactly need to be modeled

more complicated than how it already has been done.

However, the transformer model does, unlike the model for the power supply, include some losses as input
parameters. These losses have been explained in detail previously in chapter 3.3.8, and add more realism to
the transformer model as it directly affects the efficiency. The power factor, as previously explained in section
3.3.8, is also a parameter that can be given an input value to increase its validity. These steps are measures taken
in order to make the model more realistic. As seen in tables 32a and 32b, the efficiency of the transformer model

lies between 92.5 — 98.8% in the two simulations that were run.

When comparing these simulated transformer efficiencies to the results from an efficiency analysis on transformers
done in a heavy current laboratory [50], it becomes apparent that the simulated efficiencies might be too high.
Even if the transformer model is assumed to be constantly operating at 100% of the rated load, which it is in
the transformer model, the range of 92.5 — 98.8% seems unlikely when compared to the results from the heavy
current laboratory where the efficiency range was from 88% to 90.5%. However, this discrepancy is most likely
due to the use of different parameters in the Modelica simulations and the efficiency analysis in heavy current lab
simulations. The lack of complexity in the transformer model compared to the real transformer used in the heavy
current lab is also important to keep in mind. Even if this analysis seem to indicate that the transformer model
is wrong, another source claim that transformer efficiencies, especially in low voltage distribution transformers,
can be anywhere between 97% to 99.3% depending on how many phases there are, type of transformer, and the
voltage [51]. Still, more data would preferably be available in order to compare the transformer model to several
other transformers, as this would greatly help in further improving the model’s source code as well as validating

it. However, no more usable data to validate the transformer model was found or received.

5.5.8 AC/DC Rectifier

The rectifier model is perhaps one of the most simplified models within the power supply unit compared to
its intended real-world counterpart. As established, the rectifier is based on a three-phase six diode bridge full
wave rectifier, so finding real-world data derived from such a rectifier would be useful to draw some comparisons.

However, this proved to be quite difficult.

An attempt to determine whether or not the high input efficiency of the rectifier model, presented in tables 34a
and 34b in section 4.3.3, were plausible was done. In an article found online, called ”Performances/efficiency
analysis for high efficiency three-phase buck-type PFC rectifiers”, the rectifier efficiencies were found to be between
97.6% and 98.7% depending on the output power and the specific type of rectifier presented in the article [52]. In
another article found online called ”Rectifier efficiency analysis for DC distributed data centers”, efficiencies for a
multi-pulse rectifier at different loads were found to be between 96.5% to 98.1%. In the same paper, efficiencies
of a three-phase buck-type current source rectifier at different loads were found to be between 97.6% and 99.2%
[53]. Although these efficiencies are specific to the type of rectifiers used in the articles, the results from these
articles imply at least that efficiencies above 90% are possible for three-phase rectifiers. It is important to note
that the results from these articles were based on digital models and simulations as well, meaning that these are
not real-world data. Still, the complexity of the rectifiers in these articles is much higher than that of the rectifier
model in this thesis. Therefore, they help to validate that at least the relatively high input rectifier efficiencies in

the rectifier model is not blatantly wrong.
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5.5.9 Electrical control and PI-controller

The electrical control and PI-controller models might be the most difficult models to validate, at least within the
power supply unit. This is because of how much they are simplified in order to produce the output voltage. As
already established, the output voltage is calculated based on the u signal and the feed forward. Since this is not
the correct use of the u signal, the best way to validate the electrical control and PI-controller would be to improve
the power supply unit as a whole so that the u signal could be implemented realistically. This will be further

discussed in section 5.6.3.

5.6 Further development

The digital twin developed in this project is created over the duration of one semester. Consequently, the complexity
of certain components is diminished to keep the project within its scope. Therefore, the inclusion of recommended
further developments is of great potential use. Comments and recommendations are structured into the model’s
subsystems, and lastly the combined system. Further development of model validation is also included, as increased

validity is greatly of use to the digital twin’s accuracy and reliability.

5.6.1 The liquid-gas separator unit

The liquid-gas separator includes, as stated earlier, several simplifications and assumptions. The assumption of
instantaneous mixing between in flowing medium and the medium occupying the volume is a simplification which
could be elaborated with further work by adding a constant or actual equations for the mixing of a volume. The
heat transfer between the mediums inside the volume is also a simplification which can be more accurately defined.
Further work would include adding heat transfer coeflicients for both mediums and from there calculate an overall
heat transfer coefficient to calculate the heat transfer rate. To do this the area of heat exchange would also have

to be known, so including the geometry of the volume should also be added.

The simplification made to transfer the gas and liquid out of the stack in its constituent phases were described
previously, as the complexity of multi-phase compounds proved to be high. To further increase the realism of
the liquid-gas separator unit further development of the medium composition would be beneficial to mirror the

real-world behavior of the mediums to a greater extent.

As previously mentioned, the purification unit of both the water and the hydrogen gas were excluded in order to
limit the scope of the project. However, having this subsystem implemented as part of the future development

would likely increase the validity of the digital twin.

Including an actual pump curve relating both power, head and flow should be implemented as a part of the further
development. It should also be possible to add the pump efficiency as part of this relation, where the efficiency
varies according to the operating point of the pump. The generic placeholder for the pump curve only allows a
maximum volume flow rate of 10m?/h. This should be addressed and fixed. Adding an actual pump curve to the

pump of type predescribed mass flow rate could also be done.

Another limitation of the pump is the pump’s inability to handle a reverse flowing stream. Should this occur, the
simulation will fail. This can be avoided by providing plausible parameters and operating conditions, but an extra
override algorithm setting the mass flow to zero at reverse flow conditions could also have been added. Further
development should also include a way to secure no reverse flow initial values, as the pump often has reverse flow
for no apparent reason. This however is only of interest for the pump with a pump curve, as the pump with

predescribed mass flow does no experience these problems.
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The valve is working as it should but further development is advised. The main concept that should be introduced
is the inclusion of a nominal pressure drop at full opening, and a nominal leakage at full closure. These additions
should replace the if loop that strictly makes the opening never fully open and never fully closed. The addition of
an equal percentage valve option could also be of interest if this was to be the desired type of valve for a user of

the digital twin.

5.6.2 The cooling system unit

The cooling system unit can be further developed in several ways to enhance the accuracy and increase the system’s
complexity to resemble its physical counterpart to a greater extent. For the heat exchangers part, taking basis
in an actual heat exchanger used for PEM electrolysis could be beneficial. As the model created in the project
is solely based on equations, some parameters potentially deviate from the actual heat exchanger desired in the
physical system. This is especially applicable for the geometric design of the exchanger, as this would make the

area an accurate parameter.

If physical properties are known to a greater extent, the HEX digital model could calculate the heat transfer more
accurately by factoring in the boundary layer and the mediums type of flow. This would make the overall heat
transfer coefficient, U, a variable and thus the model more accurate and suitable to change. In addition, the digital
model of the heat exchanger could be further developed to be capable of certain scenarios. The developed HEX
model had some initialization problems, as it would consider the mass flow equal to zero at zero seconds. This

could be further developed and fixed by improving the model’s flexibility by defining stricter initial values.

The cooler model also has the potential for improvement. This could include the implementation of a heat sink

model in the circuit to increase the heat dissipated.

5.6.3 The power supply unit

The power supply unit could drastically increase its accuracy and validity if the models were made more akin to
their real-world counterparts, which was concluded when discussing each of the power supply models’ validity in
section 5.5.6. By implementing and modeling the electrical circuits specific to each of the power electronics, a new
layer of depth will be added which allows for more accurate behavior of the power supply unit. If power components
like capacitors, inductors, diodes, and so on are included, it will be much easier to calculate for example the losses

in each model as well as to be able to simulate the models’ real-world behavior more accurately.

By modeling the electrical circuits of each power electronic in the power supply unit, a smoothing capacitor could
have been added to the circuit of the rectifier to reduce the ripple of the rectified voltage [54]. Although the
rectified voltage is not used directly in the electrical control model to supply the electrolyzer stack as of now,
reducing the ripple will still remove some of the expected losses of the actual DC power output in an updated
model. Implementation of equations and models addressing other losses, such as internal resistance through wiring

between the models or within, would also greatly increase the models’ validity and in turn the digital twin’s validity.

Updating the electrical control model would also be useful as a part of the digital twins’ further development. With
added electrical circuits to the power electronic models, new parameters and variables are introduced that can more
easily utilize the u signal in a more realistic manner than how it currently is being used. This will in turn make it
easier to implement for example a switch and thereby regulate the output voltage and current more efficiently. If
this is implemented, the output voltage and current of the power supply unit will then be able to be derived from
the rectifier model directly, instead of input in the electrical control model as predetermined parameters. This
would in turn allow for nuances like the ripple to have an impact on the performance of the electrolyzer stack, as
well as the power supply unit. As of now, the output voltage is solely determined by the input desired current in
the electrical control model, which unfortunately does not take into consideration the rectified voltage variable at

all as previously established.
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Sensors in the power supply unit are something that also could be added as a part of future development. The
sensors could then for example be used to keep track of the behavior of the power components within the electrical
circuits as well as on the connectors between the power electronic models. If further development of the power
supply unit incorporates the electrical circuits within the models, the customized connectors which are currently
used can be replaced with the electrical pin ports. By doing this, the electrical balance of the entire power supply

should be much easier to check and maintain, removing potential sources of error and unrealistic behavior.

Implementation of electrical circuits and an overly complex control system was initially not necessary when
discussing modeling of the power supply unit with the thesis’ supervisors. Still, for future development of the
power supply unit these aspects, as well as implementation of sensors, could be worth looking into since the
options to optimize something in Modelica are endless. Doing measures like these would also greatly benefit the
models’ further validation process. The only limit when using Modelica is the user’s creativity, experience, and

knowledge of desired model behavior.

5.6.4 The combined system

The further development of the combined system is related to the improvements provided for each unit previously.
However, a few new aspects can be of interest. One of these being the interactions between the components
combined in the combined system. As the Balance of Plant and the electrolysis stack is created by different
developers, potential differences in the way the models behave arises. To minimize the potential effects of this, it

would be beneficial to further examine and look into both models in greater depth.

The digital models were previously validated individually, this required experimental data that were unavailable for
some of the components developed. If the combined system could undergo an additional validation by comparing
real-world data to the digital twin ran at equal parameters it could reinforce the models validity further. However,
this might prove difficult and counter-intuitive since the main purpose of creating a digital twin is to save money
by not having to buy physical components. If real-world data were gathered by buying physical components and

test them, the point of having the digital twin in the first place would be lost.

Including regulators with appropriate settings would create a smoother regulation of the system. This would also

potentially contribute to a quicker response time of the combined system.
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6 Conclusion

The objective of this study was to develop a digital twin of a next generation PEM electrolyzer. The thesis aimed to
describe and document the end product developed by using the object-oriented programming language Modelica.

To conclude the work done it is important to evaluate the results produced.

It is apparent that the main objective of the thesis is fulfilled. A digital twin of the PEM electrolyzer’s Balance of
Plant has been developed, and has been proven to be compatible with the electrolysis stack developed by Hystar.
Supplementary, documentation of the work done have been presented in this thesis. Still, there are certain aspects

of the digital models behavior that needs to be addressed, especially when the system is combined.

During simulations of each component individually, realistic behavior was achieved to a great extent. The developed
pump worked as desired and facilitated for an accurate representation when given a fitting pump curve. The
valve model achieved the desired behavior, as well as containing the necessary fail safe additions preventing the
model from crashing a simulation at specific adverse values. The liquid-gas separator, though containing some
simplifications, simulated and ran well despite being a highly complex and extensive model. It was also easy to
implement it into a bigger system. The heat exchanger showed some discrepancies regarding the effectiveness, and
a validation compared to normal behavior proved to be difficult without experimental data. However, the HEX
generally showed expected behavior in regards to heat transfer when combined with the cooling system unit. The
electrical models of the power supply unit managed to create a voltage source for the electrolyzer stack. This
voltage source was then able to be both lowered and rectified. The power supply unit also managed to lay the
foundation for further and more complex development of the power supply unit, where for example the rectified
voltage can be directly controlled and supplied to the electrolyzer stack. Validation of the created models proved

to be difficult due to limitations in resources and relevant literature.

Combining the system increased the overall complexity of the system. Still, simulations were able to run and
desired results were gathered. Although many of the results received from the simulation of the combined system
were as expected, there were still some major issues regarding inadequate cooling of the electrolyzer stack and
some problems with initialization. Future implementation of a cooling system directly connected to the stack is

highly recommended in order to counter the inadequate cooling of the electrolyzer stack.

In conclusion, many of the thesis’ goals were achieved. The models behaved for the most part according to their
design, and could be combined into larger and more complex models with relative ease. Still, further development
is necessary in order to increase the overall accuracy, validity and compatibility of the digital twin created in this

thesis.
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