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Abstract

In this thesis, we explore a proposal from Stedin that advocates heating the city
of Stad aan ‘t Haringvliet with hydrogen rather than natural gas. Switching from
natural gas to hydrogen presents plenty of unknown factors which must be prop-
erly evaluated for an accurate and realistic risk picture, including the danger of
running out of hydrogen. The objective of this study is to examine the security
of a 100% hydrogen supply in city buildings. For this MSc thesis, the security of
supply is defined as a reliable and uninterrupted supply of hydrogen for heating
purposes. We explore security of supply by evaluating the risk to it.

To achieve this goal, we construct a hydrogen supply system using Stedin’s
criteria. The Classical Model for Structured Expert Judgement and the Bayesian
Network are the two mathematical techniques we use to evaluate the risks. The
lack of acceptable data makes the task of quantifying the risk to supply much
more difficult in this regard. Expert opinion remains the sole trustworthy source
of information in these conditions for quantifying uncertainty. However, expert
opinion should be validated using objective performance measures. As a result,
we adopt the Classical Model for Structured Expert Judgement. The resulting
uncertainty distributions of the Structured Expert Judgement research are then
integrated in a Bayesian Network that models the uncertainty within the hydro-
gen supply system. Bayesian Networks are an effective tool for visualizing a
domain’s probabilistic model, examining all random variable interactions, and
inferring probability for scenarios based on available data.

The findings of Structured Expert Judgment reveal that there will be an fore-
cast 114 minutes of not enough hydrogen in the buildings of Stad aan ’t Har-
ingvliet in the first year of realizing Stedin’s pilot, given the event that there will
be a lack of hydrogen in Stad aan ‘t Haringvliet. Moreover, the security of supply
is expected to not be achieved with an estimated probability of 0.06839 for the
first year of realizing this pilot. Furthermore, failure rates for each component of
the hydrogen supply system have also been quantified using the Classical Model,
and one or more mitigations has been proposed for each component. Quantifying
the Bayesian Network with the distributions for each component of the hydrogen
supply system that resulted from the expert judgment study, yield distinct results
than experts’ aggregated distributions on the estimated probability and the dura-
tion of not meeting the energy demand. The results show that the best estimated
probability for not having enough hydrogen in the buildings equals 0.2067 and
when we consider the event of having a lack of hydrogen in the buildings, the
best estimated time for how long this will last equals 3.135 minutes in the first
year of realizing Stedin’s pilot.
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Preface

This thesis represents the end of my six-year career as a mathematics student.
While it symbolizes the finish of the voyage, it surely does not characterize the
beginning. Surprisingly, I always wanted to go to Delft University of Technology
when I was in middle school. I began to develop an interest in mathematics in
middle school, and after graduation, I was undecided about whether I wanted
to pursue a degree in Theoretical Mathematics at Leiden University or Technical
Mathematics at Delft University of Technology. I ultimately chose Leiden Uni-
versity and completed my bachelor’s degree there. While I spent the first three
years of my trip at Leiden University, I quickly realized that I was more interested
in the applied side of mathematics. As a result, I did not pursue my studies at
Leiden University. I enrolled at Delft University of Technology for the master in
Applied Mathematics, and I can confidently say that the courses I took piqued
my interest, and that I loved the program far more than I had anticipated.

Completing this thesis is the final step in earning my Master of Applied Math-
ematics. This master thesis was a cooperation with Stedin, a regional grid oper-
ator in the Randstad conurbation in the Netherlands. The transmission of elec-
tricity and gas to nearly 2 million residential and industrial customers is the re-
sponsibility of Stedin. The network operator’s territory includes three of the four
major cities of The Hague, Utrecht, and Rotterdam, as well as the Port of Rotter-
dam. Together with the research institute Kiwa NV, a Dutch company for testing,
inspection and certification, they have set up a pilot on how the gas network of
Stad aan ’t Haringvliet can gradually switch from natural gas to green hydrogen.

At first the main problem and the set up of this research was unclear, but af-
ter many conversations with Stedin and my supervisors, reading in many related
studies, thinking about methods on how to tackle the problem, we managed to
create a structure for the research and the main problem became more clear. This
was a special learning process for me in the field of doing research and it helped
me to boost my research abilities significantly.

One of the lessons I will remember is that conducting research involving sev-
eral areas of expertise is a difficult task that needs good communication, a clear
organization, precise formulations, and a certain amount of confidence. For a
long period of time, this looked to be quite tough for me, but I can now state that
I have made progress.
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Notation

Acronyms

CM Classical Model
SEJ Structured Expert Judgement
DM Decision Maker
EWDM Equal-Weighted Decision Maker
PWDM Performance Weighted Decision Maker
OPWDM Optimised Performance Weighted Decision Maker
BN Bayesian Network
EBN Extended Bayesian Network
DAG Directed Acyclic Graph
DBN Discrete Bayesian Network
CBN Continuous Bayesian Network
HBN Hybrid Bayesian Network
NPBN Non-Parametric Bayesian Network

Symbols

N Number of consulted experts
e Index of the experts
α Threshold
m Number of calibration questions
X(i) Percentile for the i-th calibration question
qi Value of the i-th% quantile
p Theoretical Probability vector
V Set of vertices/nodes
E Set of edges/arcs
Pa(A) Set of the parents of node a
An(a) Set of the ancestors of node a

Functions
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vi

w(e) Global weight of expert e
C(E) Calibration score of expert e
I(e) Information score of expert e
1α(·) Indicator function which indicates if its argument ex-

ceeds a certain threshold α
W Sum of all the global weights
CS(e) Combined score of expert e
P Probability mass function
I(S, P) Relative information of S with respect to P

Distribution

S Empirical sample distribution
U[a,b] Uniform distribution on the interval [a, b] with −∞ <

a < b < ∞
ln(U[a,b]) Log-uniform distribution on the interval [a, b] with 0 <

a < b < ∞
Wei(a, b) Weibull distribution with scale parameter a > 0 and

shape parameter b > 0
Ber(a) Bernoulli distribution with parameter 0 < a < 1

Terms

Hydrogen Green hydrogen or hydrogen with a green certificate, un-
less stated otherwise

Other types of
hydrogen

Hydrogen without a green certificate

Mechanic Refers to different specialized role
SEJ research Research performed using Structured Expert Judgement
BN research Research performed using Bayesian Network without

the extension that is mentioned in the thesis
EBN research Research performed using the Extended Bayesian Net-

work
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Chapter 1
Introduction

In this thesis, we look at a proposal from Stedin that involves using hydrogen
instead of natural gas to heat the city of Stad aan ’t Haringvliet for the same
objectives. The goal of this thesis is to assess the risk to security of 100% hydrogen
supply in the buildings of the city. We employ two mathematical methodologies
to evaluate risks: the Classical Model for Structured Expert Judgment and the
Bayesian Network.

1.1 Motivation for Research

In this thesis we focus on the risk to security of supply, that is, the risk of not
being able to provide reliable and uninterrupted supply of hydrogen for heating
purposes. It is of great interest to use hydrogen as a energy carrier since it con-
tributes to clean energy transitions. With this respect, the lack of (appropriate)
data makes the endeavour even more challenging. In these circumstances, expert
opinion remains the only reliable information of data points to quantify uncer-
tainties.

Therefore, we propose a method in which experts’ judgments are subjected
to the same quality control as any other type of data. We aim to validate expert
opinion, and use objective performance measures to aggregate assessments. The
method is called the Classical Model for Structured Expert Judgment, which has
been developed at Delft University of Technology. For more than 30 years, the
method has been applied in a broad range of areas, including nuclear industry,
investment banking, environmental sciences (such as climate change), dike safety,
natural disasters, volcanology, and health care [1].

The Classical Model has proven its superiority among other expert judge-
ment methods. The validation step enables the comparison of various weighting
schemes and allows for the best possible combination of expert assessments. The
method also allows for a rigorous yet transparent process that ensures high qual-
ity expert data and reproducible results.
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4 CHAPTER 1. INTRODUCTION

The Classical Model can be applied as a standalone method to quantify un-
certainty for crucial quantities of interest. In section 1.2 two crucial quantities of
interest are addressed, namely the probability of not meeting the security of sup-
ply and the corresponding duration. Alternatively, expert input would then be
integrated with any available data, in order to quantify the risks of the standalone
risk system.

Next, we aim to model multivariate uncertainty distributions. By utilizing
the results from the the Structured Expert Judgement research in a probabilis-
tic model called Bayesian Network, we can achieve this. Bayesian Networks are
a powerful tool for visualizing the multivariate distributions, for reviewing the
random variables interactions, and for updating probabilities for scenarios based
on existing information [2].

1.2 Aim of the Research

The main goal of this thesis is to quantify the risks to security of supply for 100%
hydrogen in the homes of Stad aan ‘t Haringvliet. We model a hydrogen sup-
ply system according to Stedin’s premises in order to attain this aim. This sys-
tem is more sophisticated in practice. However, due to the scope of this thesis
we condensed it to a level appropriate for a master’s thesis by making many as-
sumptions. We will concentrate on gaining answers to the following two research
question:

1. How likely is it that there is not enough hydrogen in the buildings of Stad aan ‘t
Haringvliet in the first year of realizing Stedin’s pilot, in probability?

2. Consider the event of not having enough hydrogen in the buildings of Stad aan
‘t Haringvliet. How long do you expect this to last in the first year of realizing Stedin’s
pilot, in minutes?

1.3 Overview of the work

The structure of the master’s research is discussed in this section. Figure 1.1
shows a flowchart that graphically depicts the organization of the work. In Chap-
ter 2, we provide a brief introduction to hydrogen as an energy carrier, followed
by a reasoning for its usage in the industry. In this chapter, two hydrogen stud-
ies are described, one of which will be the focus of this project. In Chapter 3 we
construct a system and systematic event influence diagram for hydrogen supply
according to the guidelines of Stedin. The components of the system and dia-
gram as detailed as possible. In Chapter 4 we introduce relevant literature close
to the subject of risk to security of supply and the methodology employed. Hy-
drogen is expected to replace natural gas and relevant literature on the risk to
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security of supply for natural gas will be provided. In Chapter 5 a presentation
is given about the Classical Model for Structured Expert Judgement. The theory
behind this model is explained in detail. In Chapter 6 an expert judgment study
has been designed and conducted with 9 field experts. We present the elicita-
tion protocol, and discuss the assessments of consulted experts for this research
about hydrogen supply in the buildings in Stad aan ‘t Haringvliet. We report
the performance of the experts and compare them which each other and the con-
structed Decision Makers (DMs), which aggregate experts’ distributions using a
set of weights including performance-based weights and equal weights. After-
wards the best performing Decision Maker is used to predict the quantification
of the risks for this project of Stad aan ‘t Haringvliet. We wrap this chapter off
by answering the questions of interest and making comparisons with the natural
gas results as well as with the failure rate between each component. In Chapter
7 some notions of probability theory are presented. Moreover, an introduction
to the second mathematical method of this research is given: Bayesian Network.
The chapter ends with discussing different types of Bayesian Networks. In Chap-
ter 8 we present the Bayesian Network analysis. First, the structure of the network
is discussed, accompanied by its modeling. Next, an extension of the network is
constructed. After performing the analysis, the findings are compared with each
other and with the Structured Expert Judgement study. We complete this thesis
with a conclusion and discussion.



6 CHAPTER 1. INTRODUCTION

Figure 1.1: Flowchart illustrating the organization of the research.



Chapter 2
Project description

In this chapter we give a short introduction to the use of hydrogen as energy
carrier, instead of traditional carriers, such as natural gas. Replacing natural gas
by hydrogen involves countless uncertainties. As a result, looking into projects
that employ hydrogen is quite interesting. Two hydrogen studies are discussed in
this chapter: Conversion project Uithoorn by Stedin [3] and Conversion project Stad
aan ‘t Haringvliet by Kiwa and Stedin [4]. The latter one will be the main focus in
this thesis. The project concerns providing the city Stad aan ‘t Haringvliet with
hydrogen instead of natural gas for the same heating purposes.

2.1 Hydrogen

In 1671 Robert Boyle discovered the most common element in our universe, namely
hydrogen. In gas form, hydrogen is the lightest gas discovered so far [5]. How-
ever, in a high pressure environment hydrogen can have a high density of energy,
which is almost three times as much as natural gas. Most of the hydrogen that
is produced currently worldwide is done by generating natural gas or methane
through steam reforming [6]. Steam reforming is a process that also generates
carbon dioxide where carbon dioxide is not captured but emitted into the air,
which have adverse effects for the atmosphere. Hydrogen produced by steam
reforming is called grey hydrogen [6].

There are also processes where hydrogen is produced without harming our
environment. Hydrogen produced by sustainable energy, such as wind and so-
lar, is called renewable hydrogen, or more commonly, green hydrogen. The most
popular form of producing green hydrogen is via electrolysis of water. In this
process water molecules are split into hydrogen and oxygen molecules by utiliz-
ing green electricity. The excess in this process is oxygen, a substance which is
not harmful for our atmosphere [7].

Instead of using natural gas, green hydrogen can be used for industrial appli-
cations. This is important since hydrogen plays an assistant role in being envi-
ronmentally conscious. Applications such as high-temperature processes in in-
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8 CHAPTER 2. PROJECT DESCRIPTION

dustry, heavy transport, aviation etc. are still lacking good electrical solutions.
Furthermore, the use of hydrogen in homes for heating purposes, results in re-
duced carbon emissions [7].

Nevertheless, transitioning from natural gas to hydrogen introduces a slew of
unknowns that must be properly measured for professional organizations to get
an accurate overall risk picture. It is critical, for example, to handle it with care
during manufacture, transportation, storage, distribution, and usage. Because
hydrogen is a lighter and more combustible gas than natural gas, it is of signifi-
cant interest to learn more about how hydrogen interacts to existing gas pipeline
networks, which are expected to be used for hydrogen transportation.

2.2 Hydrogen study

Various organisations in the Netherlands such as Stedin, Kiwa, and TNO have
projects that focus on green hydrogen production, infrastructure, transport and
applications. Here we present two projects concerning heating homes with hy-
drogen. Both are conversion projects from natural gas to hydrogen, where the
first one takes place in Uithoorn [3], and the second one in Stad aan ‘t Haringvliet
[4]. The latter project will be the main focus of this thesis, where we investigate
the quantification of security risks of hydrogen supply.

2.2.1 Stedin: Conversion project Uithoorn

A project from Stedin that was focusing on the safety and reliability of natural
gas to hydrogen conversion was started in Rozenburg and in The Green Village.
A fresh pilot was contemplated after this experiment. The pilot took place at
Uithoorn, a city in Noord-Holland province of more than 30,000 inhabitants. For
a number of destroyed homes in this village the natural gas network was adapted
to switch from natural gas to 100% green hydrogen.

In this pilot renewable electricity is produced with solar panels or wind tur-
bines. As a result, the production of electricity is not constant, but oscillating.
In order to balance the supply and demand, the gas network is considered as a
solution. In this network the surplus of electricity can be converted into hydro-
gen. Moreover, excessive amount of hydrogen can be stored in the storage of
the network. The hydrogen can be used through the existing large-mesh natural
gas network and the central heating boilers provide heat to end users of Uithoorn.

Safety and security were primary priorities throughout the operation. To
check for leaks, the team performed a nitrogen control first, then a helium con-
trol. Helium is similar to hydrogen in terms of physical features e.g., molecule
size, but it is not combustible and does not react chemically with other chemicals.
The operation of the conversion from natural gas to hydrogen was finished after
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extensive testing. For two weeks, the homes were heated with hydrogen. Ac-
cording to this study, converting from natural gas to hydrogen costs around one
working day per facility employee per family.

2.2.2 Kiwa and Stedin: Conversion project Stad aan ‘t Haringvliet

Within the framework of the Convenant Groene Waterstofeconomie in South Hol-
land, a plan is currently under development to supply hydrogen to Stad aan
‘t Haringvliet. The village Stad aan ’t Haringvliet lies in South Holland, in the
municipality of Goeree-Overflakkee and has about 1500 inhabitant [8]. The con-
version is carried out by the management of regional grid operator Stedin and is
expected to be completed in 2025.

In an average house, 80% of the energy demand arrives through gas pipelines.
Stedin distributes natural gas to approximately 2.1 million small-scale consumers
in the Netherlands. Natural gas is often used for space heating, hot tap water, and
cooking.

With sustainable sources such as the sun and wind on one hand and the en-
ergy needs of the environment on the other hand, there exists a great inequal-
ity between production and consumption. Energy storage is necessary to effi-
ciently utilize production facilities. Having a surplus of electricity is very expen-
sive (about ¤200/kWh). If electricity is converted into a gaseous energy carrier,
such as hydrogen, the surplus is more than one hundred times cheaper. From
personal communication with an employee from Stedin, we need a storage with
≥ 70% storage capacity of hydrogen, which equals in this project to 26 MWh and
780 kg of hydrogen. In addition to extra energy, transport and distribution are
also relevant aspects. In terms of energy, the natural gas distribution network
supplies ten times as much energy and has approximately four times higher ca-
pacity than the electricity distribution network, but at the same cost. From this
we can deduce that if we replace the gas with hydrogen gas, we will be most fa-
vorable in terms of energy supply and costs.

Alternatives have been proposed to natural gas, such as district heating and
heat pumps. The conversion to hydrogen has advantages compared to these al-
ternatives. For example, the historic character of Stad aan ’t Haringvliet makes it
difficult to install heat pumps. Space in the houses is limited and the necessary
measures to for heat pomp installations are almost impossible to implement. Dis-
trict heating is also difficult, if only for the absence of a heat source and of large
buildings with a central heat supply which are necessary to use district heating
cost in an effective way. The idea of providing heat to Stad aan ’t Haringvliet
via hydrogen has been presented to the inhabitants and for the time being the in-
habitants are not negative about the use of hydrogen. Conversion to hydrogen is
therefore the best alternative to the existing natural gas network. It also meets the
requirement of a reliable energy supply at socially acceptable costs, as required
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by grid operator Stedin.

The village Stad aan ‘t Haringvliet has a gas network that consists of a high-
pressure section and a low-pressure section. The low-pressure section has a pipeline
length of over 15 kilometers and serves over 600 connections, 15 of which are
large consumers. Five district stations fuel the grid. The highest gas demand
(natural gas) for small-scale consumption is now about 1,600 m3n/h, whereas
large-scale consumption is more than 200 m3n/h. Natural gas is projected to be
delivered at a rate of 2,000,000 m3 per year, or 20 GWh per year.

An average household consumes 1.300 m3 natural gas per year, where roughly
80% of the gas is used for heating up the home, 18% for hot water and 2% for
cooking (furnace). Together with the fact that around 600 houses in Stad aan
‘t Haringvliet consume 780.000 m3 natural gas per year. Since hydrogen has a
higher energy density per unit mass, namely nearly three times that of natural
gas [9], we can state that we need around 3 × 780.00 m3 = 2.340.000 m3 of hy-
drogen to meet this energy demand. Based on the estimates from literature [10],
we assume that the production of 1 kg (or 11.1 m3) of hydrogen via electrolysis
requires 54.3 kWh of electricity to produce it via electrolysis. This means that the
electricity required to generate the hydrogen demand for Stad aan ‘t Haringvliet
equals

2.340.000
11.1

× 54.3 kWh ≈ 11.5 GWh

approximately per year, if for 11.1 m3 of hydrogen 54.3 kWh of electricity is re-
quired.

The present gas network’s high-pressure segment consists of an 8 bar pipeline
of about 2 km on the village’s north side and a 2 bar pipeline of approximately
2.5 km along the village’s south and east sides. Along the 8 bar supply line, on
the north side of the village, there is a suitable area for hydrogen generation. As a
result, it makes sense to bring hydrogen to the village through the supply line on
the north side, near the football field. Because the 2 bar network is fed from the
south and east sides, it may stay operational during the changeover to natural gas
delivery to the village. For a few big consumers, on the south side near Boom-
gaardsdreef, it is difficult to convert to hydrogen. Natural gas will continue to be
supplied for these firms. Without a lot of additional plumbing, this is also techni-
cally doable. On the south side, there is a ’loose’ low-pressure network with only
a few customers, fed by a single district station (a high-pressure connection set)
which will not be converted to hydrogen.

We need to take a number of risks into account when we switch from natural
gas to hydrogen, such as hydrogen leakages. A hydrogen leakage in the pipeline
system can occur when there are holes in the pipeline. Both large holes (i.e. 1

3
diameter of the pipeline) and holes smaller than < 5 mm diameter cause leakage
[11]. Furthermore, a leakage can also be caused by rupture and brittle material
of the pipeline. The pipelines in which hydrogen is transported are made of steel



2.2. HYDROGEN STUDY 11

and have a diameter of 200 mm. In the distribution part where there is high pres-
sure, steel and PE is used for the pipelines. PVC, PE, and copper are used for the
low pressure in the distribution section. In the households we are dealing with
pipes made of steel. The diameters vary from 15 to 200 mm.

Another aspect which has to be considered when accounting for the risks
of changing to hydrogen is if the received hydrogen does have a good quality.
That is, the received hydrogen is impure, i.e. it contains ≥ 0.0002% oxygen and
≥ 0.0005% water. However, this aspect is outside the scope of this thesis.

The process of conversion to hydrogen needs to take place in stages. Accord-
ing to [4] all distribution pipes may theoretically be cleansed in a short amount of
time, namely one day. For two technicians, the time necessary for the conversion
or replacement of the appliances, as well as the accompanying inspections on
the meter set-up and indoor installation, are anticipated to be around 312 hours
per connection. As a result, with the manpower available for all clients in a rea-
sonable amount of time, it is not possible to modify the region in one go. Conse-
quently, the conversion is broken down into a series of stages, with the distinction
between the hydrogen and natural gas networks altering continually per day. Be-
cause every operation on the gas network has some risk, the number of divisions
should be kept to a minimum. The goal is for a residence to be without gas for no
more than one day throughout the conversion. The specifics are still being ironed
out, but if a team of 20 specialists is available, the 600 connections are expected
to be changed in 30 days. The separation between the hydrogen and natural gas
networks will be shifted roughly 30 times, and the conversion process will then
proceed across the area like ‘a train’. In general, the conversion is divided into
two stages. The four district feeding stations must also be modified in addition
to the residences. This must be done in such a way that both the natural gas and
hydrogen networks have sufficient supply capacity on a daily basis. Of course,
this necessitates the required attention and calculations for the intermediary grid
configurations’ capabilities.

It is expected that nothing will change for inhabitants in terms of usage and
comfort once the gas network and appliances in Stad aan ’t Haringvliet have all
been converted. It is hoped that the comfort and warmth of the homes would be
as natural and trouble-free as when natural gas is used. The network and me-
ter installations will be scrutinized with a keener eye than usual. Leaks will be
searched more frequently, stations will be examined more frequently, and exca-
vation activity will be supervised more closely, especially at the beginning. Res-
idents may be able to transition to contemporary gas uses, such as the fuel cell,
in the long run if hydrogen is distributed. In principle, there would be no need
to connect to the power grid. For the time being, however, these are fantasies for
the future.





Chapter 3
Project Stad aan ‘t Haringvliet

The major objective of this thesis is to quantify the risk to security of supply for
100% hydrogen in built-environment. In order to achieve this goal we model in
Section 3.1 a system for hydrogen supply according to the guidelines of Stedin.
In practice this system is more complicated. However, for to the scope of this
thesis we simplified it to a level that suits a master project, by making several
assumptions. After discussing the system, we construct an diagram that gives
insight into the influences of each event in the hydrogen supply system. We end
this chapter with Section 3.2 by specifying the components of the system. We
introduce several random variables for each component and investigate which
variables can be quantified using available data.

3.1 Starting point: Stad aan ‘t Haringvliet

Switching from natural gas to hydrogen involves numerous sources of uncer-
tainty, which need to be appropriately quantified for an accurate overall risk pic-
ture. As mentioned beforehand, the scope of this thesis is quantifying risk to
security of supply for 100% hydrogen in built-environment. More specifically,
we investigate the following two research questions:

1. How likely is it that there is not enough hydrogen in the buildings of Stad aan ‘t
Haringvliet in the first year of realizing Stedins’ pilot, in probability?

2. Consider the event of not having enough hydrogen in the buildings of Stad aan
‘t Haringvliet. How long do you expect this to last in the first year of realizing Stedin’s
pilot, in minutes?

In Figure 3.1, the hydrogen supply system is given in the form of a chain,
which we discuss now. In order to produce hydrogen by electrolysis, green
electricity is required. Green electricity is electricity produced from renewable
sources such as wind and solar and can be obtained with the help of wind tur-
bines and solar panels. They have a significantly lower carbon footprint than
fossil fuels like coal and gas. After producing green electricity, the process of

Version of April 11, 2022– Created April 11, 2022 - 21:03

13



14 CHAPTER 3. PROJECT STAD AAN ‘T HARINGVLIET

electrolysis can start where water molecules are split into hydrogen at 30 bar and
oxygen gas. Excessive amount of hydrogen can be stored in tanks at pressures of
maximum 80 bar, which is first compressed by the compressor from 30 bar. Next,
hydrogen’s pressure needs to be reduced from 80 bar to maximum 40 bar, which
is needed for the transport in the pipelines from outside Island of Goeree Over-
flakkee to Stad aan ‘t Haringvliet. These pipelines need to pass through the city
gate station first, where the pressure is reduced to maximum 8 bar and then to
maximum 100 millibar on street level. After the pipelines with hydrogen passes
through the city gate station, the distribution of hydrogen through the pipeline
system can start. The hydrogen flows through the system to the buildings.

Figure 3.1: System for hydrogen supply.

Next, we consider Figure 3.2, where a systematic event influence diagram
is given for the hydrogen supply, with events of interest and the consequences
when a problem occurs. Each green component, which is marked with a number
(and sometimes followed by an letter ‘A’) corresponds with a component in the
system of hydrogen supply, see Figure 3.1. The red components correspond to
the events that something goes wrong. Yellow colored components corresponds
to the events that solve a problem regarding the hydrogen production or com-
pression. The outcomes of the yellow colored components result either indirectly
(i.e. when there is not enough green hydrogen stored) or directly (i.e. there is
enough green hydrogen stored or using other type of hydrogen from tube trail-
ers) for enough hydrogen supply for the process of transporting (node 4A).

In order to obtain a sufficient amount of hydrogen in the buildings (number
7), there should not occur any problems in the nodes denoted by number 4A, 5A,
and 6A. When there is no green electricity production or the process of electroly-
sis is disturbed for some time, the supply system does not produce green energy
in that time period. We can solve this problem by using hydrogen from the stor-
age or even other types of hydrogen from tube trailers. When problems occur
with the compression of green hydrogen, the produced green hydrogen cannot
be used to supply the building from hydrogen. In order to still obtain a sufficient
amount of hydrogen in the buildings, green hydrogen from the storage can be
used in this time period, if there is enough green hydrogen stored. If there is not
enough green hydrogen stored, other types of hydrogen can be used to supply
the buildings with hydrogen.
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Figure 3.2: Systematic event influence diagram for hydrogen supply

3.1.1 Assumptions

In this project we made some assumptions about Stedin’s pilot and the event
sequence diagram in Figure 3.2.

1. In the systematic event influence diagram, we have the following steps for
hydrogen production before entering the transmission network. First we
use green electricity from the network and electrolysis to produce hydro-
gen. If there is no green electricity available, we use hydrogen from the
storage. And if there is not enough hydrogen in the storage or there is an
issue with the storage such that we cannot use enough hydrogen, we buy
hydrogen from external sources (e.g., tube trailers). Then hydrogen enters
the transmission network. This means that we always have hydrogen en-
tering the transmission network (as shown in the diagram). In other words,
any issues related to the electrolyser or compressor will not influence the
hydrogen supply at the buildings in Stad aan ‘t Haringvliet and we do not
need to include them in the risk model. Nevertheless, including them in the
risk model and assuming that we do not always have enough tube trailers
can provide more insight in the risk assessment. Therefore, as a modest ex-
tension of the system, we will take a closer look at it in the risk model given
in Chapter 8.

2. The first component in Figure 3.2 is not only about pure green electricity,
i.e. electricity produced by renewable resources, but also electricity that has
a green certificate. A green certificate is a marketable product that certifies
whether electricity was produced using renewable resources [12].

3. According to personal communication with Stedin, the electrolysis will be
connected to the electricity grid and not directly to a sun or wind farm. Here
we consider all the energy on the Island of Goeree Overflakkee and this one
is about 70% sustainable per year. This means that the energy comes about
70% from sources that can maintain our current energy needs without dam-
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aging the future generations [13]. It is expected that more sustainable ca-
pacity will be added to the island in the near future, so that the share will
increase. The Goeree Overflakkee area produces much more sustainable en-
ergy (sun and wind) than it consumes. In this project we consider therefore
wind turbines that produce hydrogen directly and electrolyser linked to the
electricity grid (or directly linked to a solar park).

4. Enough green electricity means that we do not have to use hydrogen from
the storage. Enough green hydrogen capacity means that we do not have
to use other types of hydrogen. Other types of hydrogen are e.g. black
hydrogen, grey hydrogen, blue hydrogen, yellow hydrogen etc. Hydrogen
of these types are not produced using electricity generated from renewables.
In emergency situations we are going to tap another power. For example,
hydrogen that comes from industry. This is expected to happen about once
every 10 years according to personal communication with Stedin.

5. Problems with compressing hydrogen means that the compressor machine
fails to compress the hydrogen at 30-50 bar to 80 bar.

6. The hydrogen storage should contain at least 70% of the storage capac-
ity. Any percentage less than 70% corresponds to the event of not having
enough hydrogen stored.

7. A pressure failure means that the hydrogen does not have the required pres-
sure value in that stage of the system, but a value below the required thresh-
old. (The pressure value of hydrogen can only drop after compressing hy-
drogen.)

8. It is possible that when hydrogen is mixed with the odorant, that this does
not go well. A small amount of odorant can be added in proportion to the
hydrogen volume. When a leak occurs, the odorant is barely smelled and
this can have problematic consequences.

9. A lack of hydrogen in the buildings means that the heating purposes in the
buildings are not achieved. Either the compressing stage is not working,
i.e. the lack of heating is a result of the compressing stage, or the system is
prone to leakages.

3.2 Component specification for hydrogen supply sys-
tem

In this section we specify the components of the chain for hydrogen supply, see
Figure 3.1. For each component we make clear what could instigate risks tied
to the component and what could detect or fix the corresponding problem. The
consequences of something going wrong in the process for hydrogen supply can
be seen in Figure 3.2. Furthermore, we also quantify random variables to the cor-
responding components which will be specified more in Table A.1 of Appendix
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A. The quantification of the random variables will be explained at last. Note that
for the sake of this project we reduce the scope of listing the possible problems
and events that would solve these problems. This means that we will not discuss
every possible event that could instigate a risk for hydrogen supply with heating
purposes and the corresponding event that would prevent this risk of happening.
For example, the electrolysis process of hydrogen itself is quite complex, and its
complexity will not be accounted for in this work in its fullest detail.

Component 1: Green electricity generation
Not producing electricity also results in not producing green hydrogen. This can
happen in general when there is not enough renewable energy sources such as
wind, solar, photovoltaics, hydro, biomass and geothermal [14]. For this project
we only consider the renewable energy sources wind and solar. Another prob-
lem could be the failure of wind turbines or solar panels as possible reasons for
not producing green energy. In this project we take the following two events into
account.

A1: Wind turbines production;
A2: Solar panels production;

Component 2: Production of hydrogen by electrolysis
When the process of electrolysis fails, there will be no green hydrogen production
either. This can occur in general when there is a problem at the components of the
electrolysis process: stack, reverse motion, electricity convention, and ventilator.
The consequence that we consider in this project is that the pressure of hydrogen
is not at 30-35 bar after the process of electrolysis. Therefore we consider the fol-
lowing event in this project.

B1: Not enough or no green hydrogen production.

Component 3: Compression of hydrogen
A problem that can occur is that the compressor machine fails to compress the
hydrogen from 30 bar to 80 bar. When this problem occurs, a mechanic* needs to
solve the problem regarding the pressure of hydrogen in the compressor. There-
fore, we consider two events.

C1: Wrong pressure of hydrogen in the compressor;
NC1: Mechanic fixes issues with pressure of hydrogen in the

compressor.

Component 4: Storage of excessive hydrogen
A problem that can occur at the storage is that there is not enough green hydro-
gen stored, i.e. less than 70% of the net storage capacity. In that case, other types
of hydrogen have to be used in order to supply the buildings with hydrogen. An-
other problem taken into account are the sensors that are measuring leakage in
the storage, or which can contain an error. We need mechanics to fix the leakage

*In this thesis we use a generic term mechanic, which refers to different specialized roles.
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and sensors if these problems occur. In order to quantify these problems, the fol-
lowing events are taken into account in this project.

D1: Green hydrogen storage;
D2: Leakage in the storage;
ND2: Mechanic fixes issues with leakages;
D3: Sensors that measure leakage in the storage contain an

error;
ND3: Mechanic fixes issues with the sensors;
D4: Using other types of hydrogen.

Component 5: Transmission of hydrogen in the pipelines system from Is-
land of Goeree Overflakkee to Stad aan ‘t Haringvliet
We assume that the problems occurring in the process of the transmission of hy-
drogen in the pipeline system are similar to the problems occurring in the process
of transmission of natural gas in the pipeline system. We take the following three
problems into account. Problems at the pressure management of green hydro-
gen from the compressor or storage to the transmission network may occur, or
problems at the pressure management of other types of hydrogen from tube trail-
ers may occur, consequently the required hydrogen pressure from 80 bar may
not be reduced to 40 bar. When there is a problem with the pressure of hydro-
gen while transporting or there is hydrogen leakage, we need mechanics to solve
those problems. This reduces to the following events.

E1: Wrong pressure of hydrogen in the transmission pipeline
system;

NE1: Mechanic fixes issues with pressure of hydrogen;
E2: Hydrogen leakage in the transmission pipeline system;
NE2: Mechanic fixes issues with leakages;

Component 6: City gate station of Stad aan ‘t Haringvliet
A risk that we want to avoid is that the pressure in the pipeline system is not
reduced correctly from 40 bar to 8 bar. Another problem that could occur is that
there is in the pipeline system a leakage. In order to detect leakage, hydrogen is
mixed with odorant. If there occurs a problem with mixing hydrogen with the
odorant or there is a pressure failure of hydrogen in the city gate station, we need
mechanics to solve those problems. Therefore it is convenient to consider the fol-
lowing events.

F1: There arises a problem in mixing hydrogen with the
odorant;

NF1: Mechanic fixes issues with mixing of the odorant;
F2: Wrong pressure of hydrogen at the city gate station;
NF2: Mechanic fixes issues with the pressure of hydrogen at

the city gate station.

Component 7: Distribution of hydrogen in the pipeline system
We assume that problems occurring in the process of the distribution of hydrogen
in the pipeline system are similar to the problems occurring in the same process
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for natural gas. We take the following problems into account in this project: prob-
lems at the pressure management may occur. Consequently the require hydrogen
pressure at street level, which is 100 millibar, may not be attained. Another prob-
lem is that there occurs a leakage around the hydrogen pipeline system. This
means that when there is a hydrogen leakage, sensor failure, or hydrogen pres-
sure failure in the pipeline system at street level, we need mechanics to solve
these problems. This yields us to consider the next six events.

G1: Leakage in the distribution pipeline system;
NG1: Mechanic fixes issues with leakages;
G2: Sensors that measure leakage in the distribution pipeline

system contain an error;
NG2: Mechanic fixes issues with the sensors;
G3: Wrong pressure of hydrogen in the pipeline system at

street level;
NG3: Mechanic fixes issues with the pressure of hydrogen in

the pipeline system at street level.

Component 8: Hydrogen in the buildings
At this stage, the hydrogen should go to the buildings. A problem that may occur
here is directly the overall problem, which we address with the whole system, see
Figure 3.1. A possible problem that could occur is that the right pressure is not at-
tained, namely 25 millibar. The final consequence, which is directly also the main
focus of this project is that the buildings do not receive hydrogen (for a given time
period). We need a mechanic when there is a pressure failure of hydrogen in the
buildings. The following events are considered.

H1: Hydrogen pressure at the buildings;
NH1: Mechanic fixes issues with the pressure of hydrogen at

the buildings;
H2: Lack of hydrogen in the buildings, in probability;
H3: Lack of hydrogen in the buildings, in time.

3.2.1 Distributions assignment to the random variables in Table
A.1

The uncertainty regarding the events listed in Section 3.2 is quantified using ran-
dom variables. Discrete random variables assume only a finite number of pos-
sible states. A continuous random variable assumes to take an infinite number
of possible values. In Table A.1 of Appendix A we see that some random vari-
ables are discrete and some are continuous. For example, B1 can only take the
values ‘enough capacity’ and ‘not enough capacity’, which both can be converted
to a numerical expression. The random variable A1 is continuous because the
amount of electricity production can take an infinite number of possible values. A
random variable’s distribution defines how the probabilities are distributed over
the random variable’s values. The random variables in Table A.1 are assigned a
distribution. Some variables are assumed to follow known distributions, whereas
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other random variables have an unknown distribution. To quantify those distri-
butions, we use Structured Expert Judgement, which we discuss in Chapter 5.

The first four random variables are assigned a distribution with their corre-
sponding parameter. We shortly discuss how we assigned the distributions and
parameters of the random variables from Table A.1.

Combining the information from papers [15], [16], and [17], it is justified to
assign the random variables A1 and A2 with the Weibull distribution with scale-
parameter 0.8 and shape-parameter 216. These Weibull parameters are obtained
from three different methods from SOlar radiation DAta (SODA) database for
typical and grouping three years, namely 2004, 2005, and 2006. The first method
uses the Maximum Likelihoods; the second method obtains the parameters using
Moment estimators; and the third method obtains it graphically.

The random variable B1 can have two outcomes, either 0 or 1. Outcome 0
corresponds to the event where we do not have enough or no green hydrogen
production, where 1 corresponds to enough green hydrogen production. There-
fore this random variable is Bernoulli distributed. According to personal com-
munication with Stedin we have with probability 0.3 not enough green hydrogen
production via electrolysis.

Random variables about pressure, i.e. C1, E1, E2, F2, G3, H1, are discrete ran-
dom variables with two possible outcomes. They either have a pressure-value
described in Section 3.2 or they do not have that pressure-value. Therefore these
random variables are Bernoulli distributed. The parameters of the random vari-
ables are unknown, with exception of C1. According to study [18] the probability
of a failure for compressing the hydrogen by a switch fault and switch delayed
operation is small, namely 3.06 × 10−2. Therefore the parameter assigned to the
distribution of the random variable C1 equals the probability of having a failure
for compressing the hydrogen by switch fault and switch delayed operation, i,e.
the parameter is fixed at 3.06 × 10−2.

The random variable D1 is about the quantity that green hydrogen is stored.
From personal communication with Stedin, we know that this quantity should be
at least 70%, i.e. at least 70% of the storage should contain hydrogen. This means
that this random variable, D1, is Bernoulli distributed with two outcomes: either
there is more than 70% hydrogen stored or not.

The random variables about leakages such as D2, E2, and G1 are discrete ran-
dom variables with two outcomes. They are either 0, which corresponds to the
event when there is not a leakages, or they equal 1, which corresponds to the
event when there is a leakage.

The next random variables are also Bernoulli distributed, D3, D4, F1, and G2.
These events correspond to outcome 0: error in sensors, using other types of hy-
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drogen, and there arises a problem in mixing hydrogen with the odorant. The
complementary events correspond to outcome 1.

Quoting the paper ‘A comparative study of odorants for gas escape detection
of natural gas and hydrogen’ [19]:
‘Our work provides evidence that firstly, the odorants currently used within natural gas
will have a similar effectiveness in allowing escape detections when used with hydrogen.
Secondly, that small escapes of hydrogen are detectable in a comparable way to a natural
gas escape in an equivalent room volume. These conclusions can be considered robust as
they were demonstrated by two different methodologies using very different approaches.’
We can conclude from this study that the probabilities for F1 and NF1 in the nat-
ural gas case can also be used for the hydrogen case.

The lack of appropriate data makes the distribution of some random vari-
ables unquantifiable. The only reliable knowledge source remains at the experts
opinion in order to quantify these uncertainties. More information about the dis-
tributions (and parameters) of the random variables from Table A.1 are derived
with the help of Structured Expert Judgement, see Chapter 5.





Chapter 4
Security of energy supply

As hydrogen is sought to replace natural gas, we now inquire about the security
of natural gas supply. One of the goals is to compare the quantified risk for hy-
drogen to that for natural gas. In this chapter we give a formal introduction to
the reliability of supply for natural gas and hydrogen, where the first one will be
the main topic. First, we provide context to our setting by introducing Stedin’s
setting for the natural gas network, which is based on Investeringsplan [20] and
Kwaliteits- en capaciteitsdocument [21]. In this section we emphasize components
of the network. Next, we state the risk process for the supply of natural gas and
we give an overview of risks quantified by their effectiveness. Afterwards, the
main cluster risks, strategic risks and capacity bottlenecks for natural gas is dis-
cussed. We end this section by illustrating a table which provides an overview
of potential issues for the supply of natural gas. The second section is about the
paper Investigating the natural gas supply security [22], which provides more in-
formation for different countries, including the Netherlands, for the security of
natural gas supply. Afterwards, we present in the next section the paper A model
for investigation of optimal hydrogen pathway, and evaluation of environmental impacts
of hydrogen supply system [23]. This study is of great interest for the master project,
since it presents a hydrogen supply system, similar to the one discussed in Chap-
ter 3. The chapter is completed by trying to give answers to the research questions
from Chapter 3, which are first adapted to the natural gas instance.

4.1 Setting of Stedin

The natural gas supply system and its accompanying sub-system, which we re-
fer to as system components, are discussed in this section. We go through the
risk process for the supply of natural gas. Afterwards, an overview is given of
the risks quantified by their effectiveness. Then, several risks and bottlenecks are
described. We continue with a table that summarizes some of the potential prob-
lems for the supply of natural gas. The section is completed by answering the
research questions from Section 3.1 if hydrogen would be replaced with natural
gas.

Version of April 11, 2022– Created April 11, 2022 - 21:03
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4.1.1 Smart gas network

The natural gas network is a network that transports natural gas through sev-
eral components such as the pipelines system to the buildings, e.g. houses, of-
fices, petrol stations etc. Figure 4.1 shows a natural gas network referred to as
het slimme gasnet (English: the smart gas network) by Stedin. The network starts
with transporting natural gas from the rural network to the city. Then the natural
gas flows through the first circuit: the Gas receiving station (component 6 in the
figure). Afterwards, the natural gas flows through the second circuit. The latter
circuit consists of many components which are detailed in Figure 4.1. Since the
figure is in Dutch we translate each component (including the component from
the first circuit), in Appendix B.

Figure 4.1: Smart gas network [24].

4.1.2 Risk process of security supply for natural gas

Stedin’s risk management system distinguishes between bottlenecks and risk clus-
ters. A bottleneck typically concerns an individual asset or specific event that
may adversely affect the basis for the risk analysis regarding the supply in (elec-
tricity and) natural gas grid. The bottlenecks are assessed and then provided
with a risk rating. At the system level bottlenecks are aggregated into risk clus-
ters. These are risks that arise from the condition of a specific group with similar
assets, risks with a similar cause, or a combination of both. Risk clusters therefore
have a broader scope than bottlenecks.

The risk process begins when employees or stakeholders notice bottlenecks in
the natural gas networks. These bottlenecks (or eventually a risk) are registered,
after which they are assessed based on the company values. These company
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values form a basis for the risk analysis regarding the supply in (electricity and)
natural gas grids [21]. The company values are listed below.

1. Safety

The degree to which risks for own employees, the environment and third
parties as a result of the presence of infrastructure and works on it should
be minimized;

2. Quality

The degree to which the quality and availability of the products and services
provided by the stakeholders are met should be maximized;

3. Financial performance

The degree to which the Asset Owner’s requirements for financial perfor-
mance are met should be maximized;

4. Laws and regulations

The extent to which operations are carried out within the limits of: the des-
ignation as network operator and metering manager, the requirements im-
posed by the regulator and the legislator and agreements;

5. Customer and stakeholder experience

The degree to which events influence the perception of Stedin’s perfor-
mance. It concerns the influence of customers and stakeholders;

6. Durability

The degree to which the electricity and gas supply takes sustainable energy
and energy savings into account should be maximized in such a way that it
also functions in a socially responsible manner.

Each company value gives insight in what could go wrong and what could
be a risk in the progress of supplying natural gas. These risks are quantified on
the basis of the Stedin value model, see Table C.1 from Appendix C. For exam-
ple, the risk ’gas evacuation hours’ is directly applied to the security of supply.
The bottlenecks and risks are also valued on the basis of the Stedin value mode,
which are shown in Part II from Table C.1. If a risk is assessed as unacceptable
or must be mitigated in accordance with policy, Stedin investigates which miti-
gation measures can be taken.

Thus, when capacity bottlenecks occur in the process of security supply for
natural gas, there should be taken measures. Hence, when the calculations show
that a capacity bottleneck is to be expected, Stedin includes this in the bottleneck
register and treats it according to the risk assessment process, just described. It
depends on the outcome from the risk assessment process whether a capacity bot-
tleneck is also classified as a capacity risk. The validation can be done by check-
ing the pressure measurements in cold periods and/or the expected increase or
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decrease in natural gas demand. In this way it is determined whether capacity
bottlenecks actually pose a threat to the continuity of Stedin’s services.

During the realization phase of the project, Stedin monitors the progress on
costs, time and quality. They closely monitor the available and required grid ca-
pacity in order to transport natural gas safely and continuously. Furthermore,
they also use various scenarios to predict the required grid capacity. This is how
Stedin provides sufficient natural gas capacity on time and on top of that, to pre-
vent or resolve capacity bottlenecks in time. The process ends with evaluating
and monitoring the effect of the measures that are taken. But before this process
can be realized, a capacity requirement estimation should be taken into account.
The development of natural gas demand and supply is determined by the current
market developments and customer requests. In order to identify the capacity
bottlenecks in the first place, a step-by-step process [20] is given below.

1. Collecting the measured taxes per gas receiving station in previous years.

2. Collecting the meteorological information of the past years.

3. Validate and possibly adjust the grid calculation model on the basis of mea-
sured loads at the determined minimum 24-hour temperature.

4. Add the forecast for housing construction, the economic activity of small
and medium-sized enterprises (SMEs) and large-scale consumption for the
next 10 years for each sub-area.

5. Assessing the impact of the above developments on the capacity of Stedin’s
gas network through network calculations with the Irene Pro model *.

4.1.2.1 Risks to security of supply for natural gas

In this section we describe the main risks that affect the supply of natural gas.
A distinction is made between two types of risks: cluster risks and strategic risks.
Cluster risks are all known risks that are directly related to our scope, whereas
strategic risks include organizational and long-term risks. Therefore we will only
mention the main six strategic risks without going into greater depth. We end
this section with capacity bottlenecks of natural gas.

4.1.2.1.1 Cluster risks Five main cluster risks for natural gas are described.

Condition of primary gas connections and condition of low pressure distri-
bution pipes (brittle materials) combination with sinking ground The soil in
Stedin’s catchment area consists of soil types that continue to sink due to loading
and drainage. High speed of bagging causes stress on the mainlines and house
connections. This can lead to sudden complete breakdown of the pipes, leading

*A model that designs, calculates or analyzes the natural gas networks.
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to gas outflow. Too much stress on the house connection can cause the house
connection to crack. This will lead to an outflow of gas into the houses.

Excavation damage gas Excavation work can cause gas leaks from the main
pipelines and connection pipelines. The security risk is determined by the loca-
tion of the leak and the amount of gas outflow. The low pressure distribution
pipelines are located just in front of the facade and the connection pipelines ex-
tend into crawl spaces. Gas can build up more easily here, which could lead to
an explosion.

Influence of external infrastructure on gas pipelines Many risks in the gas
network have an external cause, e.g. hydrochloric acid gas as a result of cable
fire and malfunctions at underground assets such as water pipelines or district
heating pipelines. To manage the risks of hydrochloric acid gas and residential
fires better, an improvement program is implemented. The level of the risk is
mainly determined by a small number of isolated incidents.

Water in gas pipelines A leak in a low-pressure main pipeline or connection
pipeline can cause water ingress. This can happen for example due to water
crossings or high groundwater levels. As a consequence a problem exists with
pressure fluctuations and this can lead to interruption of the natural gas supply.
Locating and repairing this type of malfunction takes a lot of time, which means
that the natural gas supply is interrupted for a longer period of time.

Meter arrangement Gas outages can occur in the meter setup, e.g. too low
pressure, no gas or the odorant that is mixed with the gas is smelled. This leads
to an interruption of the gas supply for a number of hours in the homes.

4.1.2.1.2 Strategic risks Strategic risks encompass organization and long-term
hazards, whereas cluster risks are recognized risks that are directly tied to our
scope. We will simply outline six major strategic risks for natural gas without
going into depth since this type of risk is outside the scope of this project.

1. Cyber security;

2. Missing developments;

3. Stranded assets;

4. Inadequately prepared for a replacement wave of obsolete assets;

5. Uncertainty surrounding the transition to sustainable gasses;

6. Losses of communication network.
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4.1.2.1.3 Gas capacity bottlenecks Two main gas capacity bottlenecks are de-
scribed.

Goeree-Overflakkee The gas network in the eastern part of Goeree-Overflakkee
has reached its maximum capacity. An expected expansion of a large-scale con-
sumer causes a capacity bottleneck. In order to increase the capacity of the net-
work, it was decided to use dynamic pressure control. The pressure in the 8 bar
network can be increased to a maximum of 9.5 bar if a too low pressure is mea-
sured in the periphery.

Noordoost Friesland - Dokkum/Hallum The current grid calculations of
Dokkum/ Hallum show that there is not enough capacity to meet the natural
gas demand at -12 degrees Celsius due to the lack of energy sources. Pressure
measurements on Schiermonnikoog and elsewhere in the gas network, however,
show a different picture: those measurements are considerably higher than the
pressure that has been calculated. This matter is currently under research.

4.1.2.1.4 Table: Overview of the possible issues We end this section with a
table that summarizes some of the potential problems for the supply of natural
gas. For each problem in the table the corresponding accepted threshold and the
rate/number of occurrences per year is provided when possible. These potential
problems are complex risk clusters that need extra analysis to be included in the
security of hydrogen supply. On the other hand, some are independent on the
gas that goes through the pipelines, such as water in the pipelines. Furthermore,
earlier we mentioned that Stedin plans to be extra careful with the excavation
and actually to monitor the works. Therefore there will be some dependencies,
but actually decreasing the risk.

Risk Accepted threshold Rate/N.o occurrences per year
Bad condition of primary gas
connections and condition of
low pressure distribution pipes
combination with sinking
ground

Almost injury
27.450 pieces of primary gas
connections and 121 km of
brittle pipes are replaced in 2019

Excavation damage gas Almost injury and social
damage of < 10.000 euro

Monthly, occurs at least once in
a month in Stedin

Influence of external
infrastructure on gas pipelines

Almost injury, social damage of
< 10.000 euro, and handling of
uncontrollable event within
Stedin

Monthly, occurs at least once in
a month in Stedin

Water in gas pipelines Social damage of < 10.000 euro Monthly, occurs at least once in
a month in Stedin

Gas outages occur in the meter
setup Almost injury Monthly, occurs at least once in

a month in Stedin
Capacity bottleneck in the gas
network in the eastern part of
Goeree-Overflakkee

Minimum pressure of 3.5 bar in
the gas pipeline network

Happens once in 10 years in
Stedin

Table 4.1: Overview of the possible issues. Sources: table C.1 and Investeringsplan 2020-
2020 [20].
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4.2 A model for investigation of optimal hydrogen
pathway

This section is based on the literature: A model for investigation of optimal hy-
drogen pathway, and evaluation of environmental impacts of hydrogen supply
system, by Meysam Qadrdan et al. [23]. The study presented in this paper is of
great interest for the master project, since it presents a hydrogen supply system
that is similar to the system in Chapter 3. In addition, the study looks at the sys-
tem’s environmental effects as well as ways to improve hydrogen supply.

The large-scale use of fossil fuels as a major energy source has resulted in a
severe energy crisis and negative environmental consequences on a national and
international scale [25]. Hydrogen is widely available: combining with oxygen
to form water and combining with carbon and other elements to form fossil fuels
and numberless hydrocarbon compounds. Hydrogen makes up about 0.9 percent
of the earth’s surface weight, making it the ninth most abundant element [26].
This is why hydrogen is frequently cited as a possible cause of nearly limitless re-
newable power. Although it is commonly known that utilizing hydrogen as a fuel
solves many aspects of the energy-environmental issue, there are a few obstacles
to overcome in constructing a hydrogen supply system and establishing broad
hydrogen infrastructures. First of all, there are various effective elements (such
as resource availability, existing infrastructure (road, rail, and pipeline), regional
geographical characteristics, environmental implications, and cost) that may be
used to determine the best hydrogen approach. The question that would arise
is: what is the optimal approach for hydrogen supply in various case studies?
Secondly, the environmental effects of a hydrogen energy system should be thor-
oughly researched. For example, certain hydrogen generation systems, such as
the natural gas reformer and coal gasifier, are perhaps the most promising, pro-
duce significant amounts of carbon dioxide and other pollutants.

The Hydrogen Flow Model (HFM) is a dynamic linear programming model
of a hydrogen supply system that is both a techno-economic optimization and
a dynamic linear programming model. HFM reflects the flow of energy from
resources to the end user in the economic and social sectors by minimizing the
entire discounted costs of an energy supply system (which includes Capital, Op-
eration, Maintenance, Resource, and even Pollution Externality) over a certain
period. Hydrogen may be created from a variety of feed-stocks in this model,
and commercial methods are also explored. Furthermore, there are a variety of
methods for transferring hydrogen, but the best one depends on several number
of factors, including the distance between the demand center and the production
site, the amount of hydrogen transferred, and existing infrastructure, such as nat-
ural gas pipelines, roads, and rail. Hydrogen is dispensed to hydrogen cars at
fuelling facilities. The need for hydrogen is met by allocating percentages of to-
tal power demand in the residential and commercial sectors, as well as gasoline
consumption in the transportation sector, to a hydrogen supply system.
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The analysis of the article reveals that large-scale hydrogen production is not
prioritized in the model, owing to the high expense of a hydrogen pipeline to de-
liver generated hydrogen to demand areas. Internalizing the emission cost leads
to minor modifications in the outcomes, such as a higher biomass use rate. The
majority of hydrogen generated by a biomass gasifier is utilized in the transporta-
tion sector. Furthermore, an onsite reformer supplies the majority of hydrogen
required for creating power to fulfill residential and commercial demands.

4.3 Investigating the natural gas supply security

This section is based on the literature of: Investigating the natural gas supply se-
curity, by Mehmet E. Biresselioglu et al. [22]. The authors of the paper believe
that there is a index, known as the supply security index, that has the potential
to serve as an effective decision-making tool for 23 nations, including the Nether-
lands, to improve natural gas security.

Natural gas is the third most widely used fuel, after oil and coal, account-
ing for 23.7 percent of worldwide energy consumption [27]. Natural gas’s part
of the global energy mix is growing because it is heavily concentrated, flexible,
and diverse, allowing it to be utilized not just for power production but also for
industrial, commercial, and residential purposes. The article’s main goal is to as-
sess and estimate the natural gas supply security of the world’s top natural gas
importers in terms of supply risk and market risk elements.

The PCA (Principal Component Analysis) approach was utilized to compute
the natural gas supply security index in this study. PCA is a well-known and
widely utilized multivariate statistical approach in a variety of fields [30]. The
method’s goal is to minimize the dimension of the variables in the dataset so that
correlated variables may be transformed into uncorrelated variables known as
components. PCA on the index score captures the interactions of the variables in
the absence of an observable dependent variable.

Establishing a natural gas supplier security index across nations has several
challenges. The amount of imported gas, the number of natural gas providers,
the dependence on the largest supplier, import dependency, supplier fragility,
and the percentage of natural gas in primary energy use are the six basic pa-
rameters used to assess susceptibility. Overall, the findings show a strong link
between diversity and natural gas supply security. Diversification, in keeping
with the common sense guideline of ’not placing all your eggs in one basket’, has
a higher influence on supply security policy making than any other topic. Choos-
ing suppliers with lower state fragility ratings also adds to the natural gas supply
security of consuming nations, despite our findings indicating that diversity is the
major instrument in this context. This study adds to the very limited literature on
natural gas supply security for consumption nations. It presents important statis-
tical evidence while demonstrating an empirical evaluation of the relationships
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between elements and developing a discussion based on the unique natural gas
supply security index. The authors of the paper believe that this index has the
potential to serve as an effective decision-making tool that will improve natural
gas security not just at the country level, but also at the regional and global levels.

4.4 Answers to the research questions for natural gas

In this section we adapt the research questions from Section 3.1 for the natural gas
instance. Subsequently, we attempt to give answers to these question by utilizing
different sources.

1. How likely is it that there is not enough natural gas in the buildings of Stad aan ‘t
Haringvliet, in probability?

Using average data from 2013 to 2017 from the website of Netbeheer Neder-
land [28], we conclude that this probability equals 0.007.

2. Consider the event of not having enough natural gas in the buildings of Stad aan
‘t Haringvliet. How long do you expect this to last, in minutes?

From an annual report from Stedin from 2020 [29] we find the following in-
formation. Stedin aims to improve supply (e.g., natural gas) security by taking
initiatives aimed at reducing downtime and at preventing interruptions. Accord-
ing to its 2020 annual report, the average duration of interruption in gas supply in
2018 was 122 minutes and in 2020 it was 75 minutes. Another source, Netbeheer
Nederland [28], provides a similar answer. Using data from the Dutch regional
grid for natural gas in 2018, we estimate that the total time spent without natural
gas in buildings in 2018 was 135 minutes and 41 seconds. However, note that
both sources were not based on a quiet village like Stad aan ‘t Haringvliet, but
rather on South-Holland and the Netherlands, respectively.





Chapter 5
The Classical Model for Structured
Expert Judgement

In this chapter we present the Classical Model for Structured Expert Judgement.
In Section 5.1 the theory behind this model is explained. Next, the elicitation for
consulting experts, which are included in the model, is discussed in Section 5.2.
Subsequently, various scores are presented such as the calibration, information,
and combined score in Sections 5.3, 5.4, and 5.5, respectively. The chapter ends
with explaining the basic settings from a software called Excalibur that is used for
the methodology Classical Model for Structured Expert Judgement, see Section
5.6. The theory in this chapter is based on the course ’Decision Making Under
Uncertainty: Introduction to Structured Expert Judgment’ on edX [31].

5.1 Introduction to the Classical Model

Roger Cooke and other scholars at TU Delft University developed the Classical
Model (CM) for expert judgment in the 1980s. It was created in response to a
rising demand for a mechanism for gathering expert opinions that contained the
principles listed below.

• Reproducibility: The data, as well as the methods used to process it, should
be subject to peer review, and the calculations should be repeatable by com-
petent reviewers;

• Accountability: Reviewers should have access to the references of experts
who participated in the study;

• Empirical Control: Empirical quality controls are used to quantitative ex-
pert assessments;

• Neutrality: Expert probabilities should be evaluated and combined in a way
that encourages experts to give their real view;

• Fairness: Before the experts’ opinions are graded, there should be no pre-
judgment of any kind.
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The CM has established itself as the solution instrument for mathematical ag-
gregation of judgments by incorporating these principles into a method that can
be easily interpreted and executed in practice.

Through weighted linear pooling, the CM conducts a mathematical aggrega-
tion of probability distributions. Each experts’ weights provide a gauge of their
performance. In particular, during the development stages of CM, the emphasis
on Empirical Control and Fairness principles resulted in a scoring method based
on the combination of two scores, namely the accuracy score and the information
score.

Obtaining projections for uncertain quantities is one of the Structured Expert
Judgement (SEJ) declared goals. Point forecasts may appear appealing because
they provide a predictable result, but quantifying the uncertainty that defines
these values is crucial from a decision making standpoint. Subjective probability
distributions, which incorporate information regarding uncertainty, are elicited
from experts from this perspective. Since it is difficult for anyone to determine
full probability distributions, experts are required to indicate certain quantiles of
their probability distributions in the CM. For example, in this thesis 5%−, 50%−,
and 95%− quantiles are commonly chosen. The three values are then used to cre-
ate a non-parametric probability distribution function.

In the model, a combination of the consulted experts’ probability assessments
is constructed. These combinations are weighted variables and are derived from
proper scoring rules such that experts receive their maximum scores if and only if
they state their true opinions. The Classical Model is implemented in Excalibur*,
a freely available software for academic use. The software was originally devel-
oped at Delft University of Technology and it is now maintained by Lighttwist
Software [32].

Two categories of variables, the seed variables and the variables of interest, are
among the uncertain quantities whose distribution must be elicited by specialists.
The variables of interest are those that we are interested in but for which there
are no quantitative data or are inadequate. The seed variables refer to quantities
for which the analyst has knowledge of the realization but not the experts. The
performance of experts’ uncertainty assessments is evaluated using the seed vari-
ables. Because a crucial assumption of the CM is that the performance attained
for the seed questions is a good predictor of the performance in the questions of
interest, the seed variables must be carefully chosen.

Now let e = {1, ..., N} denote the index set of the N consulted experts. Then
the global weights (also called the normalized combined scores) are constructed
by

w(e) = C(e)× I(e)× 1α(C(e)),

*http://www.lighttwist.net/wp/excalibur
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for each consulted expert. Here we denote C(e) and I(e) as the calibration and
information score of expert e respectively and they will be discussed in the next
two paragraphs. 1α(C(e)) is the indicator function which indicates if the cali-
bration score exceeds a certain threshold α. This threshold ensures that only the
experts with a calibration score higher than α will be taken into account in the
construction of the decision maker. Note that these weights are not normalized,
since they do not sum up to one. In order to normalize the weights we define
W = ∑N

e=1 w(e). Then for each expert the normalized weight becomes w(e)
W . These

weights are also called the performance-based weights.

Next, the decision maker is constructed by taking the quantiles of the com-
bined inputs of the experts. These quantiles are combined according to the calcu-
lated weights. There are three types of decision makers covered this report:

1. Performance Weighted Decision Maker (PWDM)
In the construction of this decision maker the weights are based on the as-
sessments of the experts. This is represented in the combined score, which
will be discussed later. Normalizing the combined score yields into the
weights for the experts: w(ei) =

CS(ei)
∑ei

CS(ei)
, where CS(ei) represents the com-

bined score of expert ei.

2. Optimised Performance Weighted Decision Maker (OPWDM)
In this decision maker we get a result of choosing a significance level for
which the combined score is maximal for the decision maker. This means
that this decision maker performs at least as good as all experts individually.

3. Equal-Weighted Decision Maker (EWDM)
In the construction of this decision maker each expert gets the same weight,
e.g. w(ei) =

1
N .

Decision makers can also be subjected to the same performance measure as
the experts.

5.2 Elicitation

In this section we will take a closer look at the elicitation format. The Questions
of Interest and Calibration Questions will be discussed.

5.2.1 Elicitation format

In the elicitation an expert is asked to give an estimate and its 90% confidence
interval for a specific uncertain quantity.
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Consider the following example from the elicitation protocol:

What is the gas consumption per hour in Stad aan ’t Haringvliet, in cubic
meter per hour, at temperature -12 °C?
-Answer: 5% : ..., 50% : ..., 95% : ...

The experts are asked to quantify their uncertainty by specifying quantiles of
your subjective uncertainty:

• The 50%-quantile is that number for which you judge the chance half that
the true value is above or below.

• The 5%-quantile is that number for which the chance that the true value is
below 0.05 and the chance that the true value is above 0.95.

• The 95%-quantile is that number for which the chance that the true value is
below 0.95, and the chance that the true value is above 0.05.

We always have 5%-quantile < 50%-quantile < 95%-quantile. More formally,
a quantile is a part of a data set and determines how many values in a distribu-
tion are above or below a certain limit.

Suppose an expert responds as: 5% : 2000, 50% : 2500, 95% : 3000. Then
this means that, in expert opinion, the true value is equally likely to be above or
below 2500; there is a 90% chance that it lies between 2000 en 3000.

5.2.2 Question of Interest and Calibration question

Questions of Interests are the questions that will capture experts’ uncertainty on
the topics of interest for the expert judgement study. They will materialize the
aim of the study and need to capture the diversity of topics that characterize the
study. The calibration questions will be used to evaluate experts’ ability to quan-
tify uncertainty and to obtain performance-based weights. Those weights will be
used to aggregate the distributions obtained from the Questions of Interest.

5.3 Calibration score

The calibration score measures if experts’ assessments are statistically accurate
hence sometimes it is referred to as the statistical accuracy. It captures how well
an expert can predict the realization via their 90% confidence interval. Thus the
calibration score is computed based on all the calibration questions. By defining
a confidence interval for each calibration question, we can construct a probability
mass function (pmf) P and an empirical sample distribution S can be generated
by taking into the account the true answer of the calibration questions. In our
study we can generate S by counting the number of times the realization falls in
a certain quantile interval, divided by the number of calibration question, which
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is denoted by m. Since we are only considering 5, 50, and 95%- quantiles we have
the quantiles X(i)1, X(i)2, X(i)3 for i = 1, ..., m. If the quantiles are elicited for
the m calibration questions with the value xi, then the empirical distribution S
over the inter-percentile intervals equals

S(r) =
#{i|X(i)r−1 ≤ xi < X(i)r}

m
, for r = 1, ..., 4.

Note that in this notation the quantiles X(i)0 = L∗ and X(i)4 = U∗ are taken into
account. L∗ is calculated based on the minimum of the 5%- quantile assessment
of the experts and the realizations. U∗ is calculated based on the maximum of the
95%- quantile assessments of the experts and the realizations, as well as based on
an overshoot.

An indication that the consulted expert performs well on the calibration ques-
tion is when the true value of the uncertain quantities can be regarded as inde-
pendent samples of P. We call an expert then well-calibrated. A measure that can
measure the dissimilarity between S and P is needed in order to say if an expert
is well-calibrated. We call this measure the relative information of S with respect
to P (or Kullback-Leibler divergence of S and P):

I(S, P) =
4

∑
i=1

S(i) ln
S(i)
P(i)

, (5.1)

If S(i) = 0, then S(i) ln
S(i)
P(i)

= 0,

where we have P(1) = P(4) = 0.05 and P(2) = P(3) = 0.45.

Suppose we have the statistical hypothesis:

H0 : The uncertain quantities are independent and identically distributed with P.

Now the degree to which the data supports H0 can be seen as a probability
of observing the dissimilarity in an empirical distribution at least as large as the
relative information of S with respect to P. We can use the chi-squared distribu-
tion in order to calculate the calibration score, because 2mI(S, P) has been shown
to have an asymptotically chi-squared distribution. This yields that 2mI(S, P)
becomes χ2-distributed with n − 1 = 3 degrees of freedom, where n equals the
number of inter-quantile intervals. Then the calibration score is computed using
the formula:

C(e) = 1 − χ2
n−1(2mI(S(e), p)), (5.2)

where m is the number of calibration questions and n is the number of inter-
quantile ranges. The score will take values between 0 to 1. The higher the cal-
ibration score, the better. A perfect calibration score is when the expert is most
statistically accurate, that is when the calibration score equals 1.
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According to study the of Hanea and Nane [32], when different studies use
the same number of calibration questions, the calibration scores can be compared
across these studies. Before doing this, we have to equalize the power of the dif-
ferent hypothesis tests. Therefore, changing the power by leaving S calculated on
m calibration questions and replacing 2m by 2m′, where m′ < m represents the
smallest number of calibration variables, we use all the m calibration variables,
but pretend that the relative information is based on m′ variables. The power
of the calibration test (calibration power in Excalibur) is the ratio m′

m . From this
we can deduce that when the number of the calibration questions increases, the
calibration scores decrease for the same relative information score. Even though
R.M. Cooke stated in [33] that the degree to which calibration scores are distin-
guished should be a model parameter one can optimise for, and that reducing the
power may be important in situations when all experts are very poorly calibrated.
For example, assume all experts except one have calibration scores of order less
than or equal to 10−4, spanning three or more orders of magnitude and one ex-
pert has a calibration better than the rest. Then all the weight may go to this one
poorly calibrated expert. By reducing the power, several other combinations may
be found optimal.

5.4 Information score

The second measure that objectively evaluates the experts’ assessments is called
the information score. In contrast to the calibration score which was computed
from all the calibration question, the information score is computed for each cal-
ibration question. The information score indicates how informative the experts’
distribution is with respect to the background measure used to construct the dis-
tribution [32]. Intuitively, it measures how informative the assessments are. For
example, the larger the confidence interval is given by a certain expert, the less
informative its prediction will be. In principle, the information score is measured
with respect to two background measures.

• the uniform distribution U(i) on [X(i)0, X(i)n];

• log-uniform distribution ln(U(i)) on [X(i)0, X(i)n].

As a rule of thumb, the log-uniform background measure is used when the as-
sessments span over 4 or more orders of magnitude. For this project, both the uni-
form and the log-uniform background measures have been used. This is because
we have assessments within the same order of magnitude, but also assessments
that would go from 10−6 to 10−5 to ... 10−2. i.e. another order of magnitude.

5.4.1 Uniform background measure

Assume now that the background measure is the uniform distribution over the
intrinsic range [L∗, U∗], with U(x) = x−L∗

U∗−L∗ , for L∗ < U∗. We need to associate
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a density to the assessments of each consulted experts. We only have access to 3
quantiles from the experts’ distribution for X(i), thus it is necessary to interpolate
between these quantiles in order to find a distribution that we can compare with
U(i). In other words, for each of the 4 inter-percentile intervals we have the
following background measures:

r1 = U(X1(i))− U(L∗) =
X1(i)− L∗

U∗ − L∗ , for x ∈ [L∗, X1(i)],

r2 = U(X2(i))− U(X1(i)) =
X2(i)− X1(i)

U∗ − L∗ , for x ∈ (X1(i), X2(i)],

r3 = U(X3(i))− U(X2(i)) =
X3(i)− X2(i)

U∗ − L∗ , for x ∈ (X2(i), X3(i)],

r4 = U(U∗)− U(X3(i)) =
U∗ − X3(i)

U∗ − L∗ , for x ∈ (X3(i), U∗].

Now we denote, for expert’s distribution F(·):

f1 = F(X1(i))− F(L∗) = 0.05,
f2 = F(X2(i))− F(X1(i)) = 0.45,
f3 = F(X3(i))− F(X2(i)) = 0.45,
f4 = F(U∗)− F(X3(i)) = 0.05.

The information score is the average relative information of expert’s distribu-
tion with respect to the uniform background measure. In this case, the informa-
tion score for expert ei for question j is determined by

Ij(ei) =
4

∑
k=1

fk ln
(

fk
rk

)
= 0.05 ln

(
0.05

X1(i)− L∗

)
+ 0.45

(
ln

(
0.45

X2(i)− X1(i)

)
+ ln

(
0.45

X3(i)− X2(i)

))
+ 0.05 ln

(
0.05

U∗ − X3(i)

)
+ ln(U∗ − L∗).

Thus is the information score of an expert over all the calibration questions
defined as the average of the information scores

I(ej) =
1
m

m

∑
j=1

Ij(ei).

5.4.2 Log-uniform background measure

Assume now that the background measure is the log-uniform distribution over
the intrinsic range [L∗, U∗], with G(x) = ln(x)−ln(L∗)

ln(U∗)−ln(L∗) , for L∗ < U∗. For each of
the 4 inter-percentile intervals we have the following background measures:
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r1 = G(X1(i))− G(L∗) =
ln(X1(i))− ln(L∗)

ln(U∗)− ln(L∗)
, for x ∈ [L∗, X1(i)],

r2 = G(X2(i))− G(X1(i)) =
ln(X2(i))− ln(X1(i))

ln(U∗)− ln(L∗)
, for x ∈ (X1(i), X2(i)],

r3 = G(X3(i))− G(X2(i)) =
ln(X3(i))− ln(X2(i))

ln(U∗)− ln(L∗)
, for x ∈ (X2(i), X3(i)],

r4 = G(U∗)− G(X3(i)) =
ln(U∗)− ln(X3(i))

ln(U∗)− ln(L∗)
, for x ∈ (X3(i), U∗].

We denote the theoretical probability with respect to expert’s distribution G(·)
as g = (g1, g2, g3, g4) = (0.05, 0.45, 0.45, 0.05). The information score is the aver-
age relative information with respect to the log-uniform background measure. In
this case, the information score for expert ei for question j is determined by

Ij(ei) =
4

∑
k=1

gk ln
(

fk
rk

)
= 0.05 ln

(
0.05

ln X1(i)− ln L∗

)
+ 0.45

(
ln

(
0.45

ln X2(i)− ln X1(i)

)
+ ln

(
0.45

ln X3(i)− ln X2(i)

))
+ 0.05 ln

(
0.05

ln U∗ − ln X3(i)

)
+ ln(ln U∗ − ln L∗).

Thus the information score of an expert over all the calibration questions is
defined as the average of the information scores

I(ej) =
1
m

m

∑
j=1

Ij(ei).

5.5 Combined score

We have introduced the calibration and information score so far. An expert who
is calibrated and informative should receive a higher score than an expert who
is calibrated but not informative. And an expert who is calibrated but not infor-
mative should receive a higher score than an expert who is informative but not
calibrated. In order to combine these scores to get one score for each expert, we
introduce the combined score. The combined score is defined as the product of
the calibration score and the information score:

CS(ei) = C(ei)1C(ei)≥α I(ei). (5.3)

In this formula α represents the minimum value of the calibration score. Thus
only experts with a calibration score equal or higher than α are taken into account
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in the performance-aggregation. The other experts are considered to be not sta-
tistically accurate enough. Note that the same performance score of experts can
be use to evaluate the performance of the DMs.

5.6 Excalibur: basic settings

Before we discuss the analysis and the performance of the experts, it is conve-
nient to explain some basic settings of Excalibur that is used in this research. The
data that was gathered from the experts is analyzed in Excalibur.

First of all, Excalibur uses the following formula of the calibration score: C(e) =
1 − χ2

n−1(2mI(S(e), p)Ṗower). In order to make this formula equal to the ones
in Section 5.3, we set Power equal to 1. Furthermore, the background measure
for each question can be chosen to be either uniform or log-uniform. For this
study, we used as well as the uniform as the log-uniform background measure.
The choice of the background measure is based on the explanation of Section 5.4.
Next, Excalibur used different names than the original theory. Since the analy-
sis and performance of the experts will be given in terms of Excalibur’s name,
a list is given below. In this list the definition of each name can be found. The
definition is derived from the original glossary of Excalibur [34] and from the ex-
planation from Mooc: Decision making under uncertainty: Introduction to structured
expert judgement [31].

Excalibur name Classical Model name
Calibration score Calibration score
Mean relative information score
total

The average information score over all
questions

Mean relative information score
realization

The average information score over all
the calibration questions

Unnormalized weight The combined score





Chapter 6
Performance Analysis and Results

In this chapter we discuss the responses of consulted experts for this research
about hydrogen supply in the buildings in Stad aan ‘t Haringvliet, see Section
6.1. In this research 9 experts were interviewed, where each of the experts has
their own specialization in the hydrogen supply system, see Figure 3.1. We take
a closer look at the elicitation of this research about Stad aan ‘t Haringvliet. In
Section 6.2 the question of interest and calibration questions will be introduced
and listed. Furthermore, the selection of the calibration questions will be dis-
cussed. Next, in Section 6.3 we discuss the performance of the experts and the
constructed decision makers. Consequently, a critical note will be added to some
of the choices made in the construction of the calibration questions. See Appendix
D for the assessments of each expert per question. We continue this chapter with
Section 6.4 by answering the questions of interest together with added insights
and critical comments. In Section 6.5.2 the contrast between the results of hydro-
gen and natural gas are discussed, which is followed by a comparison between
the failure rates of components for the hydrogen supply system. We end this
chapter with Section 6.6, which outlines the most significant risks to the hydro-
gen supply system, as well as recommendations on how to mitigate them.

6.1 Experts

9 experts were consulted and interviewed in this research about hydrogen supply
in the buildings in Stad aan ‘t Haringvliet. Each of the experts has their own spe-
cialization in the hydrogen supply system, see Figure 3.1. A larger set of experts
with more affinity or knowledge about the subject would be preferred, but due
to restricted and practical issues the current set of experts is considered satisfac-
tory. We will present the consulted experts briefly and even though we mention
their name and some other information about them, their assessments and per-
formance will remain anonymous throughout the rest of the report.

Frank van Alphen
Frank is working at the Asset Management of Stedin and is in addition a hydrogen-
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expert. From the initial part of this thesis he has been involved with constructing
the system of hydrogen supply and providing any additional information that
was relevant to this project.

Albert van der Molen
Together with Frank, Albert is working at the Asset Management of Stedin and
is also in addition a hydrogen-expert. Albert has also been involved with con-
structing the system of hydrogen supply.

Michel Honselaar
Michel is Project Manager at WaterstofNet. Michel got involved in this project
when finalizing the hydrogen supply system.

Sjoerd Delnooz
Sjoerd is Unitmanager at Kiwa Nederland and is an energy transport-expert.
Therefore he is specialized in energy entering the city gate stations, gas distri-
bution, gas in pipeline systems and the buildings.

Rob Stikkelman
Rob is an associate professor at the TU Delft and takes part of the Energy and In-
dustry group. Furthermore, he is also the director of Center for Port Innovation.
His research interests are developments of industrial infrastructures/clusters.

Jurriaan Peeters
Jurriaan is an assistant professor at the TU Delft in the Energy Technology sec-
tion. His research interests are influence of wall roughness on turbulent scalar
transport and heat transfer to turbulent fluids at super critical pressure.

Harm Vlap
Harm is a senior Technical Consultant at DNV GL - Oil and Gas. He has great
bond with Stedin. Harm spent almost eighteen years with Gasunie N.V., the
Dutch gas transmission network operator, focusing on all elements of natural gas
quality, environmental challenges, and gas metering before joining DNV GL.

Martijn Duvoort
Martijn is the transformational leader and director of Energy Markets and Strat-
egy at DNV.

Marı́a del Mar Pérez-Fortes
Mar is an assistant professor at the TU Delft takes part of the Energy and Industry
group. Her research interests are: process system engineering, conceptual design,
techno-economic analysis, Supply chain management, carbon capture and utili-
sation, and emerging technologies.

Remarks
Some of the experts claim not to be an expert for the investigation of Stad aan ‘t
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Haringvliet. The reason we consulted them anyway was for several practical rea-
sons. First, they considered their expertise close to the subject area. Secondly, it is
a difficult task to approach people who are qualified as experts. Of the 13 experts
suggested by my supervisors, only two responded positively an participated in
the study. However, one of them also claimed that they are not an expert for this
investigation during the elicitation. Note that with this saying the following im-
pression is created: experts claiming to be experts and experts claiming not to be
experts appear to be well qualified. Nevertheless, not all cases are that black and
white. Many factors, such as insecurity, are not taken into account. Last, time also
plays a role. For this master’s thesis it is infeasible to wait for months for more
experts who could also claim not to be an expert during the elicitation.

Worth addressing is that each expert consulted has their own expertise and
that the performance analysis objectively evaluates the expertise of the experts.
This means that the validation step ensures that expertise does play a role. It will
be interesting to see how this affects the results and whether a relationship can be
found between expertise and performance in quantifying uncertainty.

6.2 Elicitation

In this section we will take a closer look at the elicitation of this research about
Stad aan ‘t Haringvliet. The Questions of Interest and the Calibration Ques-
tions will be listed. Furthermore, the selection of the Calibration Questions is
discussed.

6.2.1 Elicitation format

In the elicitation an expert is asked to give a best estimate and its 90% confidence
interval for a specific uncertain quantity. The elicitation protocol that was used
for this study can be found in Appendix E. In the protocol a brief introduction to
the subject is given and the elicitation format is explained. The elicitations were
performed online, using one-to-one meetings. The experts were sent, prior the
elicitation, a background document containing relevant information about the
project Stad aan ‘t Haringvliet, see Appendix E. The experts were asked to con-
sider the designed system, along with the assumptions presented Section 3.1.1.

6.2.2 Questions of Interest

The aim of this project is to quantify the risks to security of supply for hydro-
gen in the buildings of Stad aan ‘t Haringvliet. Therefore the Questions of In-
terest, which are listed below, are focusing on the overall risk to security of sup-
ply, along with the risks of the sub-components. These questions are of great
interest since they correspond with the random variables whose distributions
could not be quantified from data or previous studies. The calibration questions
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will be used to evaluate experts’ ability to quantify uncertainty and to obtain
performance-based weights. Those weights will be used to aggregate the distri-
butions obtained from the Questions of Interest, which gives us distributions for
the random variables in Table A.1.

Questions of Interest:

1. How likely is it that there is not enough hydrogen in the buildings, in probability?

2. Consider the event of not having enough hydrogen in the buildings. How long do
you expect this to last, in minutes?

3. How likely is it that the hydrogen storage contains less than 70% of the storage
capacity, in probability?

4. How likely is it that the amount of odorant added to the hydrogen is insufficient,
i.e., enough for a leakage not to be detected, in probability?

5. Consider 1,000,000 leakages incidents in the storage. How many times does the
sensor that measures leakage in the storage contain an error (so the sensor does not report
the leakage, or the sensor does report a leakage when it does not occur)?

6. Suppose there are 1,000,000 leakages incidents in the distribution pipeline system.
How many times does the sensor that measures leakage in the distribution pipeline sys-
tem contain an error (so the sensor does not report the leakage, or the sensor does report a
leakage and it is not the case)?

7. How likely is it that there is a hydrogen leakage in the storage, in probability?

8. How likely is it that there is a hydrogen leakage in the transmission pipeline sys-
tem, in probability?

9. How likely is it that there is a hydrogen leakage in the distribution pipeline system,
in probability?

The following questions concern the likelihood of the pressure value in each
component in the hydrogen supply system. As discussed before, we aim to have
a certain pressure value for hydrogen at each component. However, this certain
pressure value does not have to be the maximum value as described in Chapter 3.
One of the employees of Stedin suggests that during summer time the energy de-
mand for heating purposes decreases, and a lower hydrogen supply is required
by the households/buildings. The inhabitants are inclined to use less heating
activities. The hydrogen in each component in the system will therefore have
a smaller pressure than the maximum pressure described in Chapter 3. This is
not problematic as long as the pressure of hydrogen in each component does not
have a lower pressure than the maximum pressure in the consecutive component
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in the hydrogen supply system. For an extreme winter, we can assume that the
energy demand for heating purposes will be high. We need more hydrogen sup-
ply for heating. In other words, we need hydrogen with high pressure, almost
equal or equal to the maximum pressure value described in each component of
the hydrogen supply system in Chapter 3. By asking the experts the questions of
interest below along with the probabilistic statements, the expected time to solve
the issues arising with pressure is also elicited.

10. How likely is it that hydrogen pressure in the transmission part will be lower than
40 bar, in probability?

11. How likely is it that the hydrogen pressure in the transmission part will be lower
than 8 bar, in probability?

12. How likely is it that the hydrogen pressure at the city gate station will be lower
than 8 bar, in probability?

13. How likely is it that the hydrogen pressure at the city gate station will be lower
than 100 millibar, in probability?

14. How likely is it that the hydrogen pressure at street level will be lower than 100
millibar, in probability?

15. How likely is it that the hydrogen pressure at street level will be lower than 25
millibar, in probability?

16. How likely is it that the hydrogen pressure in the buildings will be lower than 25
millibar, in probability?

17. Suppose the compressor machine fails to compress the hydrogen to 80 bars. How
long do you expect it will take a mechanic to fix this issue, in hours?

18. Assuming there is a detected hydrogen leakage in the storage, how long will it
take a mechanic to fix the issue, in hours?

19. Assume a sensor that measures leakage in the storage contains an error, how long
do you expect it will take a mechanic to fix the issue, in hours?

20. Assume there is a hydrogen pressure drop in the transmission pipeline system
that can lead to a lack of supply. How long do you expect it will take a mechanic to fix
this issue, in hours?

21. Assuming there is a hydrogen leakage in the transmission pipeline system, how
long do you expect it will take a mechanic to fix this issue, in hours?

22. Assuming there arises a problem with mixing hydrogen with the odorant, how
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long do you expect it will take a mechanic to fix this issue, in hours?

23. Assuming there is a hydrogen pressure failure at the city gate station, how long
do you expect it will take a mechanic to fix this issue, in hours?

24. Assuming there is a hydrogen leakage in the distribution pipeline system, how
long do you expect it will take a mechanic to fix this issue, in hours?

25. Assume a sensor that measures leakage in the distribution pipeline system con-
tains an error, how long do you expect it will take a mechanic to fix the issue, in hours?

26. Assuming that there is hydrogen pressure failure in the pipeline system at street
level, how long do you expect it will take for mechanic to fix this issue, in hours?

27. Assuming there is a hydrogen pressure failure in the buildings, how long do you
expect it will take for mechanic to fix this issue, in hours?

6.2.3 Calibration Questions

Experts’ assessments were validated with calibration questions. These are ques-
tion whose answers are known before or shortly after the elicitation to the analyst,
but are not known to the experts. Experts’ uncertainty assessments of the cali-
bration questions can therefore be objectively evaluated, by using the calibration
and information score, which we discuss earlier extensively. Several reports on
the subject of hydrogen served as sources for the calibration questions. In these
reports we searched for information that could be converted into a question with
a numerical assessment. We assumed that the experts were not aware of the an-
swers for these questions.

First, a dry-run was performed, using three experts. Their feedback was used
to clarify and re-arrange the questions of interest and to adapt the calibration
questions. As a result, a second set of calibration questions were used for the
remaining 6 experts. Although our intentions were to use only assessments ob-
tained after the dry-run, the low number of experts made us to also consider
the valuable assessments obtained in the dry-run. It should be mentioned that
having experts assessing two distinct sets of calibration questions poses method-
ological challenges. The work of this thesis addresses and proposes solutions for
these challenges.

The data that is used for the calibration questions can be found in Appendix
F. Below we discuss the 2 sets of calibration questions. In each elicitation, there
were 11 calibration questions. The questions followed by the letter ’a’ were used
in the first set of calibration questions. The questions followed by the letter ‘b’
were used in the second set of calibration questions. The questions which are not
followed by a letter were used in both sets. Several sources were used to con-
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struct the calibration question. In Appendix F the sources can be found together
with the true values for the calibration questions.

Calibration Questions:

1a. What percentage of Europe’s electricity is currently given by wind energy, accord-
ing to Wind Europe?

1b. Natural gas consumption in The Netherlands was 36.6 billion cubic meters (bcm)
in 2015. What was the consumption (in bcm) in 2020?

2a. According to Wind Europe, Europe installed 14.7 GW of new wind capacity in
2020. The Netherlands installed the most wind power capacity. How much was that (in
GW)?

2b. Stedin aims to improve supply (e.g., natural gas) security by taking initiatives
aimed at reducing downtime and at preventing interruptions. According to its 2020 an-
nual report, the average duration of interruption in gas supply in 2018 was 122 minutes.
What was the average duration of interruption in gas supply in 2020, in minutes?

3a. Global Market Outlook for solar power 2021-2025 is a report by Solar Power Eu-
rope. What is the total volume (in GW) the Dutch solar market is expected to reach by
2025?

3b. According to the same annual report of question 2, the annual average downtime
in gas supply in 2018 was 69 seconds. What was the annual average downtime in gas
supply, in seconds, in 2020?

4b. Stedin also reports the System Average Interruption Frequency Index (SAIFI),
which is defined as the average number of unforeseen interruptions with which customers
are faced on an annual basis. In 2019, this index was 0.005. What was the index in 2020?

4a. or 5b. What was the percentage of renewables from the Netherlands’ total energy
mix in 2020?

5a. The study by Khan, Al-Shankiti and Idriss (2021) reports a 28% efficiency of
green hydrogen production using solar energy, based on an analysis designed for a plant
in Saudi Arabia, which is assumed to operate around 9 hours per day without grid sup-
port. What is the hydrogen production rate (ton per h)?

6. A study by Casamirra, Catiglia and Lombardo (2009) investigated the safety of a
hydrogen refuelling station by quantifying the occurrence frequency of certain accidental
scenarios. A hydrogen power park, to be realized in California was used as the reference
plant. What is the frequency of the event ’storage vessel overpressure’, resulted from the
analysis for the plant working during one year without a maintenance?
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7. A 2008 report prepared by the ’Health and Safety Laboratory’ in UK details the
failure rates for underground gas storage. Data on eight European companies was col-
lected, that owned 42 sites in total, which corresponds to 845 wells. Operating experience
was estimated for these 42 sites and calculated to be 100,155 well years. According to this
report, what was the rate for well failure, in salt caverns in Europe, per well year?

8. Data on Dutch natural gas industry, supplied by Gasunie, NAM, TAQA and Ver-
milion was used to compute failure frequencies. What was the average failure frequency
for flange connections based on Dutch industry data?

9. According to the same report, how many incidents with flange leakages have been
reported by Gasunie in the previous 12 years?

10. Leakage measurements for steel and ductile iron gas distribution systems (includ-
ing seals and joints) suggest an increase in leakage volume of hydrogen when compared
to natural gas. What is the factor by which the volume leakage rate for hydrogen is higher
than that for natural gas?

11. The report mentions a calculation for the Dutch pipeline system from 2003, which
considers a 17% hydrogen blend. What is the predicted gas leakage rate?

6.3 Performance Analysis

In this section, we report the performance of experts’ assessments and the con-
structed decision makers. Consequently, we present the results and then a critical
note will be added to some of the choices made in the construction of the calibra-
tion questions. See Appendix D for the assessments of each expert and two deci-
sion makers per question of interest. Since one expert did not answer a calibration
question, we distinguish several cases while discussing scores of each expert for
the different decision makers. In the first four cases we make the assumption that
this expert did in fact answer the calibration question that was left open. In the
first case his or her assessment is in the < 5%- quantile interval. In the second
case his of her assessment is between the 5%- and 50%- quantile interval. For
the third case we have this assessment between the > 50%- and 95%- quantile
interval. The fourth case is about the assessment being in the > 95%- quantile. In
the last case, case 5, we delete the calibration question that was left open by this
expert for all the experts and make the analysis without this question.

Two other experts did not answer several questions of interest. In order to still
use their assessments for the different decision makers, we considered that the ex-
perts did not provide assessments for these questions. In this way we constructed
the decision makers EWDM and PWDM. The construction of the decision maker
OPWDM is not possible in Excalibur when leaving these questions open. In or-
der to obtain scores for the decision maker OPWDM, we resolved this by another
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method. First the analysis in Excalibur was done by excluding the questions of
interests which have not been answered by all experts. Then the second analysis
has been executed with all the questions of interests, where the experts who have
not provided answers to all the questions of interests have been removed. Then
we combined the results of the first and second analysis.

As mentioned before, in this study we used two different sets of calibration
questions. This means that we have to distinguish the analysis in Excalibur into
two parts. In addition, we note that these sets have seven questions in common,
answered by all the experts. This gives rise to the opportunity to merge all the ex-
perts together considering these seven calibration question. Since all the experts
have answered all the seven calibration question, there is no need to distinguish
the analysis in case 1 up to case 5.

The structure of this section is as follows. We display the scores of each expert
in Table 6.1 and make some critical comments. Next, the scores of the constructed
decision makers are discussed. We continue by merging the calibration question
sets together by only taking the common question into account. In this merged
study we make some notes about the new scores of the experts and constructed
decision maker. Subsequently, the distribution of the decision makers are given
for Question of Interest 1 and commented. For the remaining questions of inter-
est, we refer to Appendix G.

6.3.1 Experts’ performance

In Table 6.1 the calibration score, information score total, information score cali-
bration questions, and combined score are given for each expert for the analysis
that takes 11 or 10 calibration questions into account. Note that each assumption
for the assessment for the expert that did not answered one calibration question is
included in the table by Expert ID: E3a (case i), for i = 1, 2, 3, 4. Experts ID’s that
include a letter ‘a’ differ from the Experts ID’s that include a letter ‘b’. The latter
one takes in the analysis 10 calibration questions into account, (i.e. the calibration
question that was left open by an expert has been removed from the analysis),
whereas the first one is about the analysis that includes 11 calibration questions
into account.

First, we consider the calibration score. We know that the higher this score is,
the more statistically accurate the expert is. As it can be seen in Table 6.1 every
expert has a rather low calibration score, since the values are below 0.05. As a
thumb of rule, the threshold 0.05 for the calibration score is used for experts be-
ing statistically accurate or not. The most calibrated expert is E2 (indicated with
green) for both the analysis where we use 11 and 10 calibration questions. Over-
all, expert E2 is the most statistically accurate expert. All the other experts have a
lower score with at most a magnitude of 10−4.
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Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

E1a 9.207E-007 2.011 1.37 1.27E-006
E2a 0.01088 1.833 0.6298 0.0085
E3a (case 1) 9.207E-007 1.602 1.419 1.307E-006
E3a (case 2) 1.196E-005 1.602 1.418 1.696E-005
E3a (case 3) 0.0001036 1.602 1.418 0.0001469
E3a (case 4) 1.987E-006 1.602 1.419 2.82E-006
E4a 1.09E-007 1.802 2.319 2.527E-007
E5a 4.845E-005 1.981 1.801 8.728E-005
E6a 1.157E-008 2.251 1.636 1.894E-008
E7a 5.842E-006 2.556 2.038 1.191E-005
E8a 1.987E-006 2.066 1.8 3.577E-006
E9a 1.02E-009 3.233 2.619 2.672E-009
E1b 2.501E-006 2.026 1.366 3.415E-006
E2b 0.00599 1.868 0.6411 0.003841
E3b 8.923E-006 1.61 1.43 1.276E-005
E4b 3.499E-008 1.547 2.152 7.528E-008
E5b 1.579E-005 1.973 1.804 2.848E-005
E6b 6.173E-009 1.916 1.291 7.966E-009
E7b 1.892E-006 2.261 1.837 3.477E-006
E8b 1.579E-005 2.009 1.79 2.826E-005
E9b 1.371E-008 3.06 2.455 3.365E-008

Table 6.1: Expert’s performance: calibration score, information score total/calibration
questions, combined score. The highest scores are indicated in green.
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For informativeness, we look at the mean relative information score realisa-
tion. This score does not take the questions of interest into account. Here the top
three informative experts in the table with letter ’a’ are experts E9a (indicated in
green), E4a, and E7a. For the ’b’ part we also have E9b (indicated in green), E4b,
and E7b.

In terms of both the calibration and information score we can indicate that the
experts provide overconfident assessments, since their calibration scores are low
and their information scores are high. The expert provided overestimated assess-
ments. When combining these scores into the combined score, we see that for
both analyses expert E2 has the highest score, which is indicated in green. Expert
E2 has also the highest calibration score but the lowest information score. How-
ever as concluded in Section 5.5 the assessments of an expert who are calibrated
but not informative result in higher overall scores than the assessments of an ex-
pert who is informative but not calibrated. Expert E9 has the highest information
score. However, since this expert receives a very low calibration score, the com-
bined score is also very low.

Investigating the difference between the information score of the experts with
the questions of interest taken into account and without, we see that only expert
E4 was less informative when the questions of interest were taken into account.
This means that expert E4 is more unsure and thus less informative when pre-
dicting the still unknown outcome of the research. However, all the other experts
became more informative when considering the questions of interest. This may
be because they knew they were not going to be scored on those questions, so
they dared to be more certain in their answers.

6.3.1.1 Empirical probability vector for Expert E3

As we saw in Table 6.1, we have 5 different scores for expert E3. Case 3 results
into a combined score of 1.469E − 4, whereas the other cases result into a score
with an order 10−5 or lower. In order to evaluate how likely cases 1 to 5 is to hap-
pen without being under the null hypothesis, we define the empirical probability
vector for expert E3 in case i as vcase i = ( a

m , b
m , c

m , d
m ), where

m: number of calibration questions;
a: number of assessments in the < 5%- quantile;
b: number of assessments between the 5%- and 50%- quantile;
c: number of assessments between the > 50%- and 95%- quantile;
d: number of assessments in the > 95%- quantile;

for i = 1, 2, 3, 4, 5. For expert’s E3 assessments this yields the following 5 empiri-
cal probability vectors:
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From these vectors we can deduce that the empirical probability vectors for
cases 2 and 3 are more informative over the other vectors. This is because there
is a higher chance to capture more calibration questions in the 90% confidence
interval, than in the other cases. Analyzing cases 2 and 3 further, we see that in
case 2 more questions are captured between the 5%- and 50%- quantile than in
case 3. Furthermore, none of the questions are captured between the 50%- and
95%- quantile in case 2, whereas this is not the case in case 3. In the interest of not
underestimating the answers for the captured calibration questions, it would be
more convenient to consider case 3 for the study.

6.3.2 Decision makers’ scores

Table 6.2 reports the scores of the DMs resulting from case 1. The results from
the other cases can be found in Appendix H. There are small differences in DMs’
performance as reported by these tables and therefore it is enough to consider the
first case only. Finally, the analysis without the unanswered calibration question
is given in Table 6.3.

Tables 6.2 and 6.3 show the performance of 3 different decision makers: Equal-
Weighted Decision Maker (EWDM), Performance Weighted Decision Maker
(PWDM), and Optimised (global) Performance Weighted Decision Maker (OP-
WDM). Each decision maker is followed by a number (and letter) 1a, 1b 2, or
either 3. Decision makers with number 1a in their names are based on the experts
who answered the first set of calibration questions. Decision makers with num-
ber 1a in their names are based on the experts who answered the second set of
calibration questions. Decision makers with number 2 in their names correspond
to the experts who answered the second set of calibration questions, excluding
the two experts who did not answer all the questions of interest. Lastly, the de-
cision makers with number 3 in their names are constructed through the experts
who answered the second set of calibration questions and are based on questions
which were answered by all experts.

Considering the calibration score in Table 6.2 (and Tables H.2, H.3, and H.4
in Appendix H) we see that EWDM1a (indicated in green) has the highest score,
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Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.09406 0.6432 0.2767 0.02603
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.01088 1.833 0.6298 0.00685
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.01088 1.601 0.6258 0.006807
OPWDM2 4.845E-005 1.606 1.194 5.783E-005
OPWDM3 0.01088 1.009 0.9613 0.01046

Table 6.2: Case 1 with decision makers EWDM, PWDM, and OPWDM. The realization
is assumed to be below Expert’s E3’s 5%- quantile. The highest scores are indicated in
green.

Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.0322 0.6556 0.2882 0.00951
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.00599 1.868 0.6411 0.003841
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.00599 1.401 0.5957 0.003568
OPWDM2 1.579E-005 1.293 1.18 1.863E-005
OPWDM3 0.008214 1.013 0.9452 0.007764

Table 6.3: Case 5 with decision makers EWDM, PWDM, and OPWDM. The assessments
of the calibration question that expert E3 did not answer are deleted for every expert. The
highest scores are indicated in green.
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namely 0.09406, followed by EWDM1b with a score of 0.06362. Stretched towards
Table 6.3 we see that EWDM1b (also indicated in green) has the highest calibra-
tion score. This score equals 0.06362 and is followed by EWDM1a with a score of
0.0322. Thus in case 5 we conclude that EWDM1b is the most statistically accu-
rate over all the other decision makers.

For informativeness, we look at the mean relative information score realisa-
tion. This score does not take the questions of interest into account. Here the
most informative decision makers according to all the cases (including the ones
in Appendix H) is decision maker OPWDM2, with a score of 1.194 for the first
four cases and 1.18 for case 5.

When combining these scores into the combined score, we see that for all the
cases the decision maker EWDM1b has the highest score, which is indicated in
green. Decision maker EWDM1b has also the highest calibration score in the ta-
ble of case 5, see Table 6.3, but a low information score. However as concluded
in Section 5.5 an expert who is calibrated but not informative has a higher per-
formance and hence a higher weight than an expert who is informative but not
calibrated. EWDM1a has the highest calibration score for the first 4 cases, but
since its information score is so low, the combined score did not exceed the com-
bined score of the decision maker EWDM1b. Decision makers OPWDM2 have a
highest information score for all the cases. However, since these decision makers
are statistically inaccurate, the combined score is also very low.

Investigating the difference between the information score of the decision
makers with and without the questions of interest, we see that all the decision
makers became more informative when considering the questions of interest.

6.3.3 Merged assessments

In this section we consider seven calibration questions, answered by all the ex-
perts. In Table 6.4, the performance of each expert and the scores of the decision
makers are given. The performance of experts E5 and E8 is not based on all the
questions of interests, since they did not answer all of them. OPWDM1 consid-
ers all question of interest, whereas OPWDM2 is based on the analysis where the
questions of interest not answered by experts E5 and E8 were left out.

Considering the calibration score in Table 6.4 we see that expert E8 has the
highest calibration score of all the experts, namely 0.02005. This makes expert
E8 the most statistically accurate expert. The decision makers EWDM have the
highest calibration score, namely 0.5322, on the calibration question. The most
informative expert is E9 and the most informative decision maker is OPWDM2.
Their scores are 3.204 and 1.277 respectively and they are indicated in green.

Next, we see that the combined score of expert E8 is higher than the scores of
the other experts, namely 0.03627 and is indicated in green. The decision maker
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Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

E1 0.0002486 2.7878 2.259 0.0005623
E2 0.001521 2.666 1.398 0.002126
E3 2.307E-005 2.37 2.513 5.798E-005
E4 2.307E-005 2.684 2.995 6.909E-005
E5 2.307E-005 3.438 2.525 5.826E-005
E6 7.876E-006 3.083 1.667 1.313E-005
E7 2.307E-005 4.229 2.708 6.249E-005
E8 0.02005 2.505 1.809 0.03627
E9 0.0001892 4.18 3.204 0.0006064
EWDM 0.5332 1.229 0.768 0.4095
PWDM 0.1822 1.558 1.148 0.2091
OPWDM1 0.01616 1.711 1.015 0.01641
OPWDM2 0.1822 2.013 1.277 0.2326

Table 6.4: Expert’s performance and decision makers’ scores with 7 calibration questions
taken into account and complete assessments. The highest scores are indicated in green.

that scores the best on the combined score is EWDM, with a score of 0.4095, which
is overall very high. The score of this decision maker is also given in green in the
table.

Examining the difference between the information score of the experts and
decision makers with and without the questions of interest, we see that experts
E3 and E4 were less informative when the questions of interest were taken into
account. This means that these experts were more uncertain and thus less infor-
mative when predicting the still unknown outcome of the research. However, all
the other experts and decision makers became more informative when consid-
ering the questions of interest. For some experts, their informativeness almost
doubled.

We observe that the merged assessments yield for most decision makers higher
calibration scores than the analysis when the assessments were not merged. In the
merged case we have EWDM with highest calibration score 0.5332, whereas in the
analysis without merging the experts the highest calibration score was 0.09406,
attained by EWDM1a. Furthermore, the most informative decision makers from
Section 6.3.2 had a score of 1.194, while the most informative decision maker from
this section has a score of 1.277. Thus the analysis with merging the experts leads
to a more informative decision maker. In addition, comparing the highest com-
bined scores of both analysis we see that merging the experts leads to a higher
combined score than without merging. Thus, it is desirable to consider further
the merged assessments since the decision makers have higher combined scores.
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6.3.4 Distribution of the decision makers per Question of Inter-
est

In this section, we investigate how the different obtained DMs lead to different
distributions for the variables of interest. We consider two graphs, which are
about Question of Interest 1:

How likely is it that there is not enough hydrogen in the buildings, in
probability?

The graphs regarding Question of Interest 2 up to 27 are given in Appendix
G. As we see in Figure 6.1 and 6.2, the two graphs are different. Figure 6.1 shows
us a graph with 100 quantile points that are interpolated from the 5, 50, and
95%- quantile. The graph shows us the distribution of the DMs when data is not
merged. The 5, 50, and 95%- quantiles are also considered in Figure 6.2 together
with their interpolation. The graph in Figure 6.2 presents the distribution when
data is merged. While Figure 6.1 considers OPWDM in the analysis, this is not the
situation when the data is merged. Due to restricted and practical issues this de-
cision maker has not been implemented in R, resulting in omitting it in Figure 6.2.

Figure 6.1: Distributions of the decision makers for Question of Interest 1. Dms results
from case 1 of the analysis that considers 11 calibration questions.

Before analyzing Figure 6.1, it is convenient to give a description of the legend.



6.3. PERFORMANCE ANALYSIS 59

Figure 6.2: Distributions of the decision makers for Question of Interest 1. Analysis that
takes calibration questions with complete assessments into account.

Desicion maker Description
EWDM1 Equal-Weighted Decision Maker with 3 experts that an-

swered the first set of the calibration questions.
EWDM2 Equal-Weighted Decision Maker with 6 experts that an-

swered the second set of the calibration questions.
PWDM1 Performance Weighted Decision Maker with 3 experts

that answered the first set of the calibration questions.
PWDM2 Performance Weighted Decision Maker with 6 experts

that answered the second set of the calibration questions.
OPWDM1 Optimised Performance Weighted Decision Maker with

3 experts that answered the first set of the calibration
questions.

OPWDM2 Optimised Performance Weighted Decision Maker with
4 experts that answered the second set of the calibration
questions and all of the questions of interest.

OPWDM3 Optimised Performance Weighted Decision Maker with
6 experts that answered the second set of the calibration
questions without the questions of interest that was not
answered by everyone.

We note that for cases 2, 3, 4, and 5 led to very small differences in the dis-
tribution, and were therefore left out from this thesis. Figure 6.1 shows that OP-
WDM3 has a distinct distribution than the other DMs. This decision maker has
constantly the largest value after the 7%- quantile, until its endpoint. Than the de-
cision maker equals to the decision makers EWDM2 and PWDM2, namely: 0.659.
Thus according to these decision makers, there is a high chance that the probabil-



60 CHAPTER 6. PERFORMANCE ANALYSIS AND RESULTS

ity will not exceed the value 0.659.

EWDM2 and PWDM2 are very close to each other on the 0− 50%- quantile in-
terval. Their difference starts to increase after the 50%- quantile until 95%- quan-
tile. Then their difference starts to decrease until they equal each other (together
with OPWDM3) on the 100%- quantile.

Next, there are very small differences between OPWDM1, OPWDM3, EWDM1,
and PWDM1. In fact, OPWDM1 and PWDM1 coincide. The variability between
these estimates ranges from less than 0.1 to 0.4. There is even more variability in
the upper bound, ranging from 0.15 to more than 0.5. According to OPWDM1,
EWDM1, and PWDM1, the probability that there is not enough hydrogen in the
buildings will not exceed the value 0.4817. This probability is lower according to
OPWDM3, namely 0.384.

Before we continue with Figure 6.2, a description of the legend of the graph is
given below.

Desicion maker Description
EWDM1 Equal-Weighted Decision Maker with 9 experts but with-

out the questions of interest that have not been answered
by an expert.

EWDM2 Equal-Weighted Decision Maker with all the questions of
interest taken into account but without the experts that
did not answer some of the question of interest.

PWDM1 Performance Weighted Decision Maker with 9 experts
but without the questions of interest that have not been
answered by an expert.

PWDM2 Performance Weighted Decision Maker with all the ques-
tions of interest taken into account but without the ex-
perts that did not answer some of the question of inter-
est.

As we see in Figure 6.2 EWDM1, EWDM2, and PWDM2 are close to each
other between the 5 − 50%- quantile interval. However, PWDM1 attains bigger
values in the first part of the distribution. In the 50− 95%- quantile, EWDM1 and
PWDM2 are still very close to each other, with EWDM1 having sightly higher val-
ues constantly. EWDM2 starts to grow very fast compared to the other decision
makers and ends up having a larger value than PWDM2 on 95%- quantile. The
values that these decision makers attain at the 95%- quantile are: 0.3424, 0.6354,
0.4793, and 0.2794 for EWDM1, EWDM2, PWDM1, and PWDM2 respectively. Ac-
cording to the DMs it is very unlikely that the probability of not having hydrogen
exceeds these values.
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6.4 Results: answering questions of interest

In the previous section, we saw that considering the calibration questions an-
swered by all experts will lead to better scores. Thus in order to answer the ques-
tions of interest, we will use EWDM, since this decision maker has the highest
combined score. We also consider the expert with the highest combined score,
namely expert E8 and the decision maker PWDM for more insight. However, ex-
pert E8 did not answer all questions of interest. For these questions of interests
we consider the expert with the second highest combined score, namely expert
E2. Their answers are given for the 5, 50, 95%- quantile in the tables and are de-
noted by q5, q50, q95 respectively. Some rationales of the other experts will also
be reported in order to motivate the estimations. For the distribution of the ques-
tions of interest that we will use in the next chapter, we use the distribution of
EWDM. The question of interest are given in Section 6.2.2 and repeated here. The
assessments of all the experts and decision makers’ individual assessments for
both the calibration questions and the questions of interest can be found in Ap-
pendix D.

Question of Interest 1: How likely is it that there is not enough hydrogen in the build-
ings, in probability?

Expert and Decision maker q5 q50 q95
E8 0.05 0.1 0.15
EWDM 0.003761 0.06839 0.5373
PWDM 0.02552 0.09799 0.2718

Table 6.5: The assessments of the two decision makers and expert E8 for Question of
Interest 1

Thus the best estimate for how likely it is that there is not enough hydrogen
in the buildings equals 0.06839, with 90% confidence interval [0.003761,0.5373],
according to EWDM. Expert E8 and PWDM estimate higher probabilities. The
expert considers the weather an important factor. If there is an extreme winter,
then it is quite likely not to have enough hydrogen available, resulting in a high
probability. For this question, the expert considered the average of the last 10
winter years.

Question of Interest 2: Consider the event of not having enough hydrogen in the build-
ings. How long do you expect this to last, in minutes?

Thus considering the event of not having enough hydrogen in the buildings,
the best estimate for how long this last in minutes is 114 minutes, with 90% con-
fidence interval [0.1001,5.55310]. Expert E8 and decision maker PWDM both es-
timate that it will last more.
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Expert and Decision maker q5 q50 q95
E8 2880 1.008E005 1440
EWDM 0.1001 114 55310
PWDM 0.1038 9386 15520

Table 6.6: The assessments of the two decision makers and expert E8 for Question of
Interest 2

Question of Interest 3: How likely is it that the hydrogen storage contains less than
70% of the storage capacity, in probability?

Expert and Decision maker q5 q50 q95
E8 0.4 0.65 0.8
EWDM 0.000498 0.3328 0.7956
PWDM 0.01282 0.6253 0.7989

Table 6.7: The assessments of the two decision makers and expert E8 for Question of
Interest 3

Thus the probability that the hydrogen storage contains less than 70% of the
storage capacity equals 0.3328, with 90% confidence interval [0.000498,0.7956].
Expert E8 and PWDM both agree that this probability is higher, namely 0.65 and
0.6253, respectively. The expert argued as follows: in the 3 months of winters
each year, the supply of hydrogen depends a lot on the buffer capacity. Given the
average winter (‘mild winter’) he/she expects that 2 out of the 3 months there is
less than 70% hydrogen capacity in the storage.

Question of Interest 4: How likely is it that the amount of odorant added to the hydro-
gen is insufficient, i.e., enough for a leakage not to be detected, in probability?

Expert and Decision maker q5 q50 q95
E8 0.05 0.1 0.15
EWDM 0.0004197 0.02672 0.1354
PWDM 0.002915 0.09492 0.1495

Table 6.8: The assessments of the two decision makers and expert E8 for Question of
Interest 4

Thus the probability that the amount of odorant added to the hydrogen is in-
sufficient, i.e., enough for a leakage not to be detected equals 0.02672, with 90%
confidence interval [0.0004197,0.1354]. Expert E8 and PWDM both overestimate
this probability, namely 0.1 and 0.09492, respectively. The expert considers the an-
swer to be size-dependent, i.e. if the system is large, then the chance of something
going wrong is bigger. Thus the more hydrogen is needed, the more odorant in
the hydrogen is needed. Therefore the more likely there will be a problem with



6.4. RESULTS: ANSWERING QUESTIONS OF INTEREST 63

the odorant. However, these estimates are estimated to be negligible. For exam-
ple, expert E4 assumes that this event will never occur, because it never happens
for natural gas.

Question of Interest 5: Consider 1,000,000 leakage incidents in the storage. How
many times does the sensor that measures leakage in the storage contain an error (so
the sensor does not report the leakage, or the sensor does report a leakage when it does not
occur)?

Expert and Decision maker q5 q50 q95
E8 10000 1.0E005 2.0E005
EWDM 0.01076 36.12 150000
PWDM 4.916 92010 199100

Table 6.9: The assessments of the two decision makers and expert E8 for Question of
Interest 5

Assuming 1,000,000 leakage incidents in the storage occur, the sensor that
measures leakage in the storage is estimated by EWDM to contain an error 36
times of the 1,000,000 leakage incidents, with 90% confidence interval of [0,150000]
errors. According to expert E8 and PWDM this happens more often, namely
100,000 and 92,010, respectively. According to expert E3 the sensors are calibrated
every month. This makes the estimation of the EWDM plausible.

Question of Interest 6: Suppose there are 1,000,000 leakage incidents in the distri-
bution pipeline system. How many times does the sensor that measures leakage in the
distribution pipeline system contain an error (so the sensor does not report the leakage, or
the sensor does report a leakage and it is not the case)?

Expert and Decision maker q5 q50 q95
E8 10000 1.0E005 2.0E005
EWDM 0.01081 268.9 150700
PWDM 5.847 92010 199100

Table 6.10: The assessments of the two decision makers and expert E8 for Question of
Interest 6

Assuming that 1,000,000 leakage incidents in the distribution pipeline system
occur, the sensor that measures leakage in the distribution pipeline system is esti-
mated by EWDM to contain an error 269 times of the 1,000,000 leakage incidents,
with 90% confidence interval of [0,150700] errors. Again, according to expert E8
and PWDM this expected to happen more often, namely 100,000 and 92,010, re-
spectively. A similar comment as for question 5 was made by Expert 3.
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Question of Interest 7: How likely is it that there is a hydrogen leakage in the storage,
in probability?

Expert and Decision maker q5 q50 q95
E8 1.0E-007 1.0E-006 1.0E-005
EWDM 1.584E-007 0.003276 0.07245
PWDM 1.025E-007 1.889E-006 0.02138

Table 6.11: The assessments of the two decision makers and expert E8 for Question of
Interest 7

Thus the probability that there is a hydrogen leakage in the storage, according
to EWDM, is expected to be 0.003276, with 90% confidence interval [1.584E-007,
0.07245]. Expert E8 and PWDM are underestimating this probability. The assess-
ment of the expert is based on an estimation of 10% increase of leakage probability
for hydrogen than for natural gas. E3 has high confidence in the storage depart-
ment and believes that it is very unlikely that issues like leakage could occur. This
is in line with the estimations of EWDM.

Question of Interest 8: How likely is it that there is a hydrogen leakage in the trans-
mission pipeline system, in probability?

Expert and Decision maker q5 q50 q95
E8 0.0001 0.001 0.01
EWDM 1.266E-005 0.003971 0.06053
PWDM 3.362E-005 0.001604 0.04247

Table 6.12: The assessments of the two decision makers and expert E8 for Question of
Interest 8

The probability of the event hydrogen leakage in the transmission pipeline
system, according to EWDM, is expected to be 0.003971, with 90% confidence
interval [1.266E-005, 0.06053]. Expert E8 and PWDM are underestimating this
probability. The assessment of the expert is based on an estimation of 10% in-
crease of leakage probability for hydrogen than for natural gas.

Question of Interest 9: How likely is it that there is a hydrogen leakage in the distri-
bution pipeline system, in probability?

The probability of the event hydrogen leakage in the distribution pipeline sys-
tem, according to EWDM, is expected to be 0.01132, with 90% confidence interval
[1.235E-005,0.5432]. Expert E8 and PWDM are underestimating this probability
by a factor of 10. The assessment of the expert is based on an estimation of 10%
increase of leakage probability for hydrogen than for natural gas. According to



6.4. RESULTS: ANSWERING QUESTIONS OF INTEREST 65

Expert and Decision maker q5 q50 q95
E8 0.0001 0.001 0.01
EWDM 1.235E-005 0.01132 0.5432
PWDM 2.296E-006 0.0009787 0.1052

Table 6.13: The assessments of the two decision makers and expert E8 for Question of
Interest 9

E3 the highest probability of failure from the hydrogen supply system is foreseen
in the transmission part, due to digging. This is not in line with the estimations of
EWDM. The decision makers predict a higher probability for leakage in the dis-
tribution pipeline system than in the transmission part. This assessment might
be influenced by experts E5 and E6, who expect no problems at the transmission
part, due to maintenance and periodic reviews. Likewise, expert E4 also did not
agree with E2. Expert E4 assumes no difference between the transmission and
distribution parts of the system in terms of frequency of issues that can occur.
The expert does consider failures due to excavation to play a significant role.

Question of Interest 10: How likely is it that hydrogen pressure in the transmission
part will be lower than 40 bar, in probability?

Expert and Decision maker q5 q50 q95
E2 0.0054 0.013 0.068
EWDM 0.006145 0.1129 0.8906
PWDM 0.006914 0.09304 0.6944

Table 6.14: The assessments of the two decision makers and expert E2 for Question of
Interest 10

Thus the probability of the event that hydrogen pressure in the transmission
part will be lower than 40 bar, according to EWDM, is expected to be 0.1129, with
90% confidence interval [0.006145,0.8906]. This probability is slightly underes-
timated by PWDM and by a factor of 10 by expert E2. Questions concerning
pressure drop were completely outside of experts E8’s domain expertise.

Question of Interest 11: How likely is it that the hydrogen pressure in the transmis-
sion part will be lower than 8 bar, in probability?

The probability of the event that the hydrogen pressure in the transmission
part will be lower than 8 bar, according to EWDM, is expected to be 0.02835,
with 90% confidence interval [0.0006072,0.8489]. PWDM provides very similar
best estimate, while expert E2 estimates this probability by a factor of 10. Ques-
tions concerning pressure drop were completely outside of experts E8’s domain
expertise. During the elicitation with E1, the expert also stated that they do not
anticipate the pressure to be reduced on intentionally, and that the likelihood is
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Expert and Decision maker q5 q50 q95
E2 0.00027 0.0013 0.0054
EWDM 0.0006072 0.02835 0.8489
PWDM 0.0007255 0.02039 0.3923

Table 6.15: The assessments of the two decision makers and expert E2 in answering Ques-
tion of Interest 11

thus minimal.

Question of Interest 12: How likely is it that the hydrogen pressure at the city gate
station will be lower than 8 bar, in probability?

Expert and Decision maker q5 q50 q95
E2 1.0E-005 0.0001 0.001
EWDM 3.478E-006 0.01499 0.1703
PWDM 1.223E-005 0.005839 0.1625

Table 6.16: The assessments of the two decision makers and expert E2 for Question of
Interest 12

The probability of the event that the hydrogen pressure at the city gate station
will be lower than 8 bar, according to EWDM, is expected to be 0.01499, with 90%
confidence interval [3.478E-006,0.1703]. Expert E2 is underestimating this proba-
bility by a factor of 100, because the expert thinks that the city gate will not pose
big issues. PWDM is also underestimating this probability. Questions concerning
pressure drop were completely outside of experts E8’s domain expertise.

Question of Interest 13: How likely is it that the hydrogen pressure at the city gate
station will be lower than 100 millibar, in probability?

Expert and Decision maker q5 q50 q95
E2 1E-018 1E-012 1E-006
EWDM 1.313E-012 0.001964 0.07481
PWDM 1.851E-013 6.3E-006 0.03367

Table 6.17: The assessments of the two decision makers and expert E2 for Question of
Interest 13

The probability of the event that the hydrogen pressure at the city gate station
will be lower than 100 millibar, according to EWDM, is expected to be 0.001964,
with confidence interval [1.313E-012, 0.07481]. This probability is extremely un-
derestimated by expert E2 and PWDM. Questions concerning pressure drop were
completely outside of experts E8’s domain expertise. A small probability for this
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question is also in line with the expectation of E1.

Question of Interest 14: How likely is it that the hydrogen pressure at street level will
be lower than 100 millibar, in probability?

Expert and Decision maker q5 q50 q95
E2 0.001 0.01 0.05
EWDM 0.0001789 0.01428 0.7172
PWDM 0.0005698 0.0935 0.7224

Table 6.18: The assessments of the two decision makers and expert E2 for Question of
Interest 14

The probability of the event that the hydrogen pressure at street level will be
lower than 100 millibar, according to EWDM, is expected to be 0.01428, with con-
fidence interval [0.0001789,0.7172]. The assessment of expert E2 is close to this
probability. PWDM overestimates this probability with 0.0935. Questions con-
cerning pressure drop were completely outside of experts E8’s domain expertise.
Expert E5 also thinks this probability is slightly higher than the probabilities in
the other part of the hydrogen supply system, due to works on the streets. Ac-
cording to E5, once every 3 years something is likely to go wrong.

Question of Interest 15: How likely is it that the hydrogen pressure at street level will
be lower than 25 millibar, in probability?

Expert and Decision maker q5 q50 q95
E2 0.001 0.01 0.05
EWDM 1.398E-006 0.00453 0.3232
PWDM 7.084E-006 0.04122 0.4744

Table 6.19: The assessments of the two decision makers and expert E2 for Question of
Interest 15

The probability of the event that the hydrogen pressure at street level will be
lower than 25 millibar, according to EWDM, is expected to be 0.00453, with 90%
confidence interval [1.398E-006,0.3232]. Expert E2 and PWDM overestimate this
probability. Questions concerning pressure drop were completely outside of ex-
perts E8’s domain expertise. A small probability as an answer for this question is
also in line with the expectations of E1.

Question of Interest 16: How likely is it that the hydrogen pressure in the buildings
will be lower than 25 millibar, in probability?



68 CHAPTER 6. PERFORMANCE ANALYSIS AND RESULTS

Expert and Decision maker q5 q50 q95
E2 2.7E-006 2.7E-005 0.0027
EWDM 1.841E-006 0.003302 0.3361
PWDM 6.788E-006 0.00838 0.3613

Table 6.20: The assessments of the two decision makers and expert E2 for Question of
Interest 16

The probability of the event that the hydrogen pressure in the buildings will
be lower than 25 millibar, according to EWDM, is expected to be 0.003302, with
90% confidence interval [1.841E-006,0.3361]. Expert E2 underestimates this prob-
ability and PWDM overestimates it. Questions concerning pressure drop were
completely outside of experts E8’s domain expertise.

Question of Interest 17: Suppose the compressor machine fails to compress the hydro-
gen to 80 bar. How long do you expect it will take a mechanic to fix this issue, in hours?

Expert and Decision maker q5 q50 q95
E2 0.2 2 5
EWDM 0.2913 6.077 471.7
PWDM 0.2059 3.333 165.4

Table 6.21: The assessments of the two decision makers and expert E2 for Question of
Interest 17

Suppose the compressor machine fails to compress the hydrogen to 80 bar.
The expected time a mechanic will take to fix this issue equals 6.077 hours, with
90% confidence interval of [0.2913,471.7] hours. Expert E2 thinks it will take 2
hours and PWDM agrees with 3.333 hours. Questions concerning pressure drop
were completely outside of experts E8’s domain expertise.

Question of Interest 18: Assuming there is a detected hydrogen leakage in the storage,
how long will it take a mechanic to fix the issue, in hours?

Expert and Decision maker q5 q50 q95
E8 3 4 12
EWDM 0.2548 9.898 5570
PWDM 0.2573 4.463 3606

Table 6.22: The assessments of the two decision makers and expert E8 for Question of
Interest 18

Suppose there is a detected hydrogen leakage in the storage. The expected
time a mechanic will take to fix this issue equals 9.898 hours, with 90% confi-
dence interval of [0.2548,5570] hours. Expert E8 and PWDM think that it can be
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fixed faster, namely 4 and 4.43 hours, respectively.

Question of Interest 19: Assume a sensor that measures leakage in the storage con-
tains an error, how long do you expect it will take a mechanic to fix the issue, in hours?

Expert and Decision maker q5 q50 q95
E8 3 4 12
EWDM 0.04659 3.175 565.3
PWDM 0.1297 3.976 57.89

Table 6.23: The assessments of the two decision makers and expert E8 for Question of
Interest 19

Assuming a sensor that measures leakage in the storage contains an error, the
expected time a mechanic will take to fix this issue equals 3.175 hours, with 90%
confidence interval of [0.04659,565.3] hours. Expert E8 and PWDM are slightly
overestimating EWDM’s best estimate with 4 and 3.976 hours, respectively.

Question of Interest 20: Assume there is a hydrogen pressure drop in the transmission
pipeline system that can lead to a lack of supply. How long do you expect it will take a
mechanic to fix this issue, in hours?

Expert and Decision maker q5 q50 q95
E8 1 2 3
EWDM 0.6266 7.962 110.3
PWDM 0.7557 2.081 21.83

Table 6.24: The assessments of the two decision makers and expert E8 for Question of
Interest 20

Suppose there is a hydrogen pressure drop in the transmission pipeline sys-
tem that lead to a lack of supply. The expected time a mechanic will take to fix this
issue equals 7.962 hours, with 90% confidence interval of [0.6266,110.3] hours. Ex-
pert E8 and PWDM are underestimating EWDM’s best estimate with 2 and 2.081
hours, respectively.

Question of Interest 21: Assuming there is a hydrogen leakage in the transmission
pipeline system, how long do you expect it will take a mechanic to fix this issue, in hours?

Assuming that there is a hydrogen leakage in the transmission pipeline sys-
tem, the expected time a mechanic will take to fix this issue equals 7.351 hours,
with 90% confidence interval of [0.3241,46.28] hours. Expert E8 and PWDM are
underestimating EWDM’s best estimate of fixing it by 4 and 4.768 hours, respec-
tively.
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Expert and Decision maker q5 q50 q95
E8 3 4 24
EWDM 0.3241 7.351 46.28
PWDM 0.9094 4.768 28.75

Table 6.25: The assessments of the two decision makers and expert E8 for Question of
Interest 21

Question of Interest 22: Assuming there arises a problem with mixing hydrogen with
the odorant, how long do you expect it will take a mechanic to fix this issue, in hours?

Expert and Decision maker q5 q50 q95
E8 3 4 12
EWDM 0.2824 3.421 12.68
PWDM 0.6592 3.939 12.09

Table 6.26: The assessments of the two decision makers and expert E8 for Question of
Interest 22

Assuming there arises a problem with mixing hydrogen with the odorant, the
expected time a mechanic will take to fix this issue equals 3.421 hours, with 90%
confidence interval of [0.2824,12.68] hours. The expected times according expert
E8 and PWDM are close to EWDM’s best estimate, namely 4 and 3.939 hours,
respectively.

Question of Interest 23: Assuming there is a hydrogen pressure failure at the city gate
station, how long do you expect it will take a mechanic to fix this issue, in hours?

Expert and Decision maker q5 q50 q95
E8 3 4 12
EWDM 0.1602 6.868 1426
PWDM 0.1106 3.945 70.84

Table 6.27: The assessments of the two decision makers and expert E8 for Question of
Interest 23

Suppose there is a hydrogen pressure failure at the city gate station. The ex-
pected time a mechanic will take to fix this issue equals 6.868 hours, with 90%
confidence interval of [0.1602,1426] hours. Expert E8 and PWDM are underesti-
mating EWDM’s best estimate it by 4 and 3.945 hours, respectively.

Question of Interest 24: Assuming there is a hydrogen leakage in the distribution
pipeline system, how long do you expect it will take a mechanic to fix this issue, in hours?
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Expert and Decision maker q5 q50 q95
E8 3 4 24
EWDM 0.3343 5.4 25.04
PWDM 1.289 11.73 23.97

Table 6.28: The assessments of the two decision makers and expert E8 for Question of
Interest 24

Suppose there is a hydrogen leakage in the distribution pipeline system. The
expected time a mechanic will take to fix this issue equals 5.4 hours, with 90%
confidence interval of [0.3343,25.04] hours. Expert E8 is underestimating EWDM’s
best estimate with 4 hours, whereas the PWDM overestimates it with 11.73 hours.

Question of Interest 25: Assume a sensor that measures leakage in the distribution
pipeline system contains an error, how long do you expect it will take a mechanic to fix
the issue, in hours?

Expert and Decision maker q5 q50 q95
E8 3 4 12
EWDM 0.02458 3.452 560.4
PWDM 0.2871 3.965 35.45

Table 6.29: The assessments of the two decision makers and expert E8 for Question of
Interest 25

Suppose a sensor that measures leakage in the distribution pipeline systems
contains an error. The expected time a mechanic will take to fix this issue equals
3.452 hours, with 90% confidence interval of [0.02458,560.4] hours. The expected
time values of expert E8 and PWDM are close to the expected time of EWDM,
namely 4 and 3.965 hours, respectively.

Question of Interest 26: Assuming that there is hydrogen pressure failure in the pipeline
system at street level, how long do you expect it will take for mechanic to fix this issue, in
hours?

Expert and Decision maker q5 q50 q95
E8 3 12 24
EWDM 0.5033 3.234 24.17
PWDM 0.9126 11.32 24.17

Table 6.30: The assessments of the two decision makers and expert E8 for Question of
Interest 26

Suppose that there is hydrogen pressure failure in the pipeline system at street
level. The expected time a mechanic will take to fix this issue equals 3.234 hours,
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with 90% confidence interval of [0.5033,24.17] hours. Expert E8 and PWDM are
both overestimating EWDM’s best estimate with 12 and 11.32 hours, respectively.

Question of Interest 27: Assuming there is a hydrogen pressure failure in the build-
ings, how long do you expect it will take for mechanic to fix this issue, in hours?

Expert and Decision maker q5 q50 q95
E8 2 4 12
EWDM 0.3559 3.987 12.79
PWDM 1.118 3.944 12.13

Table 6.31: The assessments of the two decision makers and expert E8 for Question of
Interest 27

Assuming that there is a hydrogen pressure failure in the buildings, the ex-
pected time a mechanic will take to fix this issue equals 3.987 hours, with 90%
confidence interval of [0.3559,12.79] hours. The expected times according expert
E8 and PWDM are close to EWDM’s best estimate, namely 4 and 3.944 hours,
respectively.

6.5 Comparison of results

In this section, an overview of experts’ and DMs’ assessments is provided. More-
over, the contrasts between the results for hydrogen from the SEJ research and
natural gas based on the findings of network operator Netbeheer Nederland and
an annual report from Stedin are discussed. In addition, a comparison between
the failure rate of components experts’ individual judgments and the estimates
resulting from the hydrogen supply system based on the SEJ results is provided.

6.5.1 Comparison of end results between hydrogen and natural
gas

Regarding the two outcomes for the security of hydrogen supply in Stad aan ’t
Haringvliet for heating purposes, the best estimate from EWDM will be com-
pared to the findings from Netbeheer Nederland’s website [28].

As noted in the preceding section, the best estimate according to EWDM for
how likely it is that there is not enough hydrogen in the buildings equals 0.06839
with 90% confidence interval of [0.003761, 0.5373]. Using average data from 2013
to 2017 from the website of Netbeheer Nederland [28], we conclude that this
probability equals 0.007. There is a one-order difference if we use the answer
from the 50%- quantile for the hydrogen case.
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The disparity may be explained by the fact that the first probability is based
on the SEJ research, while the second probability is based on the average number
of natural gas supplies from 2013 to 2017. Furthermore, the first probability is
based on Stad aan ’t Haringvliet, which is regarded as a sleepy town, whereas
the second probability is a depiction of the Netherlands’ regional grid operators.
As a result of this assertion, the hydrogen scenario should have a lower proba-
bility than the natural gas scenario. Some experts deemed the production side of
hydrogen to be their largest concern, which could explain why the estimates for
the hydrogen instance are larger than the natural gas instance. Another issue is
that most experts overlooked the fact that Stad aan ’t Haringvliet is known for
being a sleepy town.

If we compare the the average probability for not having natural gas in the
homes from 2013 to 2017 with the 90% confidence interval of [0.003761, 0.5373],
we can draw the conclusion that this probability of 0.007 is captured in the the
confidence interval. However, this interval has a broad range, which makes the
comparison more challenging.

Considering the event of not having enough hydrogen in the buildings of Stad
aan ‘t Haringvliet, EWDM’s best estimate for how long this will last is 114 min-
utes with 90% confidence interval of [0.1001, 55310]. Using data from the Dutch
regional grid for natural gas in 2018, we estimate that the total time spent with-
out natural gas in buildings in 2018 was 135 minutes and 41 seconds. The best
SEJ study estimate for hydrogen is lower than the time for natural gas in 2018
according to Netbeheer Nederland [28]. The small discrepancy can be explained
by the fact that most experts assumed that the hydrogen system would function
similarly to the natural gas system and therefore provide similar outcomes.

From an annual report from Stedin from 2020 [29] we find the average du-
ration of interruption in gas supply in 2020 was 75 minutes. The discrepancy
between the annual report from Stedin [29] and the SEJ report can be explained
in a similar way as for the first research question.

6.5.2 Comparison of the components

The hydrogen supply system presented in Chapter 3 can be quantified using the
assessments from the SEJ study. Resulting failure rates of the system components
can be compared with the individual assessments of experts, and this section re-
ports on these comparisons.

The hydrogen supply system is constructed in such a way that it considers
sensors that measure leakage in the storage and the distribution component. Ac-
cording to the SEJ research, out of 1,000,000 leakage incidents in the storage, it
is expected to have 36 sensor errors (i.e. when the sensor does not report the
leakage, or the sensor wrongly reports a leakage) in the storage. However this
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quantity is substantially higher for the distribution component, at 269 sensor fail-
ures. As a consequence, based on the experts’ combined findings, it would be a
wise option to place a greater emphasis on sensors in the distribution component
than in storage in order to lower amount of errors. Nonetheless, it is expected that
the sensors in the hydrogen supply system are calibrated every month, based on
the reasoning of expert E3. As a result, the sensors will not constitute a treat for
hydrogen supply security.

When it comes to the time it takes a mechanic to repair a sensor that has a
problem, the combined results of the experts reveal that a mechanic requires 3.175
hours in storage and 3.452 hours in distribution. Expert E6 believes that the po-
sition of the sensors in the system is critical since it affects how efficiently a me-
chanic can operate. If the position of the sensor in the components was disclosed
to the experts, their assessments might have changed. Nevertheless, the detailed
position of the sensors were not taken into account in this master thesis.

We investigate hydrogen leakages in three aspects of the hydrogen supply
model: storage, transmission, and distribution. According to the experts’ aggre-
gated findings, the distribution system is the most vulnerable to a hydrogen leak.
The chance of a leak in this part is 0.01132, whereas the chances of a leak at the
storage and transmission parts are 0.003276 and 0.003971, respectively.

Expert E1 thinks that the greatest risks from the hydrogen supply system cor-
respond to leakages. In particular, the leakages on street level. The experts moti-
vates this by saying that the likelihood for having leakages at street level is greater
than in the other parts of the hydrogen supply system due to human activities
such as digging. Expert E2 is on the same page as expert E1. Expert E4 also
stated that excavation is seen as posing the highest risk to the supply system. E5
assigns higher risk to this part of the supply system compared to the other parts.
According to this expert, street construction an accident more likely to occur. ’Ev-
ery three years, something is likely to go wrong,’ said expert E5. Lastly, rationals
of expert E9 concur with all of these experts.

When it comes to the amount of time it takes a mechanic to remedy a leak, the
SEJ research shows that the storage gets the greatest attention. According to the
estimations, a mechanic will need 9.888 hours to remedy the leak in the storage.
Furthermore, the estimations suggest that leaks in the transmission and distribu-
tion parts can be eliminated in 7.351 hours and 5.400 hours, respectively.

In light of a period of high (or low) demand for hydrogen, we may deduce
from the SEJ findings that the transmission component is the most challenging
aspect of achieving an adequate hydrogen pressure. The probability of an inad-
equate hydrogen pressure in the transmission component is 0.1129 (or 0.02835).
The components city gate station, distribution part, and residences are the next
components in the hydrogen supply system following the transmission compo-
nent. For these components the probability of the event having an insufficient
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hydrogen pressure decreases consecutively.

Expert E1 does not believe that a pressure decrease will occur on purpose. Ex-
pert E2 also believes that a pressure drop to a critical value (<100 millibar) at the
distribution system will never occur. Their motivation stems from the fact that
the system is designed to ensure that there is always enough sustainable pres-
surized hydrogen at each component. Expert E4, on the other hand, predicts a
decline in pressure throughout the winter. Expert E7 has a different viewpoint,
namely that the pressure value of hydrogen is nearly always lower than the pres-
sure value mentioned in the project description. The pressure values given in the
project description, according to the experts, are indicative of the maximum pres-
sure value. In general, the hydrogen pressure will be lower than this maximum
value due to the demand of hydrogen. As a result, expert E7 thinks that a decline
in hydrogen pressure will not result in a shortage of supplies.

According to the combined results of the experts, the transmission part is not
only the most challenging component for the hydrogen supply system for hav-
ing a hydrogen pressure drop, but it is also the component where mechanics need
more time to solve the hydrogen pressure drop. According to the SEJ research, a
mechanic will require 7.962 hours to restore the hydrogen pressure to its proper
level, but a mechanic working in the compressor would need 6.077 hours. The
duration is projected to be substantially shorter for mechanics on the street and
in the dwellings themselves, namely at 3.234 and 3.987 hours, respectively.

We wrap up this section with 3 tables that summarizes the likelihood, result-
ing from the experts, of the risks we have examined, risk classification of a com-
ponent, and time to restore the hydrogen supply. In Figure 6.3 each risk has been
assigned a low, medium, or high likelihood. These likelihood are based on the
assessment of the experts. For example, almost everyone agreed that hydrogen
leakage in the distributional system posed the highest risks. Therefore this risk
has been assigned a high likelihood. Furthermore, each risk has a color that in-
dicates the severity of the risk. A minor impact on the hydrogen supply system
corresponds to a green colored risk. These risks influence the process of the hy-
drogen supply system, but not the supply of hydrogen. An example is a case
when there is a malfunction in a sensor. This malfunction does not affect the sup-
ply of hydrogen but affects the system’s optimal working process since there is
a mechanic needed to fix the malfunction. A moderate impact on the hydrogen
supply system corresponds to a yellow colored risk. This kind of risk could lead
to the event that the buildings are not supplied with green hydrogen but other
types of hydrogen. At last, a high impact on the hydrogen supply system corre-
sponds to a red colored risk. These risks directly affect the supply of hydrogen to
the buildings. We see from Figure 6.3 that the events of having hydrogen leakage
in the distribution system and hydrogen pressure drop in the transmission sys-
tem appear to be the most vulnerable parts of the system, since their likelihood is
the highest among the other components and their impact on the hydrogen sup-
ply is high.
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Figure 6.3: Likelihood, resulting from experts, and impact of the risks in the hydrogen
supply system

In Figure 6.4 the risk classification is given according to the assessments of the
experts and EWDM. The impact of a risk on the components storage, transmis-
sion pipeline system, city gate station, and distribution pipeline system is classi-
fied as minor (green), moderate (yellow), high (orange), and severely high (red).
The figure shows that all experts (and thus also EWDM) classified the impact on
the risks in the storage with green. This means that everyone expects nothing
to happen in the storage that could disturb the hydrogen supply system. The
probabilities from the elicitation regarding the risks in the storage are lower than
the probabilities assigned to the risks in other components. As we mentioned be-
forehand, almost everyone expects that the city gate station will also not form a
threat to the hydrogen supply system. Since the probabilities from the elicitation
regarding the problems in the city gate station are higher than the risks in the stor-
age, we classified the impacts as moderate. Note that in Figure 6.4 expert E8 did
not provide an assessment for the city gate station and has therefore no impact
assigned. The impact of the risks on the transmission pipeline system is classi-
fied as high by most experts, i.e. the probabilities from the elicitation regarding
the risks on the transmissions pipeline system are higher than the probabilities
about the risks regarding the city gate station but lower than the probabilities
about risks for the distribution pipeline system. In general, challenges with the
distribution pipeline system are expected to have the greatest impact on the hy-
drogen supply system, since the probabilities regarding risks in the distribution
pipeline system assigned by the experts are higher than the probabilities for any
other risks. We may deduce from Figure 6.4 that most experts generally agreed on
the degree of the difficulties with the components in the hydrogen supply system.
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Figure 6.4: Risk classification according to the assessments of the experts.

As stated beforehand, the experts disagreed about the expected time mechan-
ics needs to solve a problem. In Figure 6.5 we give an overview of their predic-
tions. Whereas Figure 6.4 considers four components from the hydrogen supply
system, Figure 6.5 considers five components. Therefore we classify the impact
of the time to restore a problem as minor (green), moderate (yellow), high (or-
ange), severely high (red), and extra high (black). The impacts were assigned in
a similar way as in Figure 6.4. The green coloring in the figure corresponds to ex-
perts and EWDM expecting that this component needs the shortest restore time.
Yellow-colored cells correspond to experts and EWDM expecting that the restore
time will take longer in these components than the components with green color,
but shorter than the other components. Arguing in this way, we can deduce that
the components which are assigned a black cell by the expect and EWDM, are
expected to have the longest restore time. Note that in this figure expert E8 did
not provide an assessment for the compressor.

6.6 Mitigation of the biggest risks of component fail-
ures

In this section we discuss the biggest risks of the hydrogen supply system and
how to mitigate them.
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Figure 6.5: Time to restore for the supply according to the assessments of the experts.

Although it was determined that the system’s sensors did not represent a sig-
nificant threat to the hydrogen supply, it is still a good idea to calibrate the sen-
sors in the storage and distribution systems on a monthly basis, as expert E3
mentioned. Experts E7 and E9 also noted the following mitigation: it will be ad-
vantageous to have a duplicate sensor available in order to reduce the working
time of a mechanic.

Based on the aggregated evaluations as well as the expert’s individual elicita-
tions, it may be determined that the distribution system poses the greatest dan-
ger of hydrogen leakage. The most major concern is excavation on the street level.
Sending a team of professionals from Stedin to assist in the digging process might
be an excellent way to mitigate the danger of excavation failures.

The transmission system, according to SEJ study, is the most vulnerable to a
hydrogen pressure drop. According to some experts, this may occur during the
winter owing to a lack of hydrogen capacity at a time when demand for hydro-
gen is substantial. Expert E7 believes that there is a good chance that there will
be not enough hydrogen in the storage in the winter. This is in accordance with
E8, who believes that the hydrogen buffer is highly dependent on the capacity of
it. According to this expert, there will be insufficient hydrogen buffer for 2 to 3
months, i.e. throughout the winter.

Focusing more on the production system might help mitigate the possibility
of a lack of hydrogen capacity (during the winter). The hydrogen supply sys-
tem in this master’s thesis, on the other hand, believes that there will always be
enough hydrogen. It should be mentioned that the experts were concerned with
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this assumption and refused to acknowledge it.

However, if we continue to think that the transmission system is the most
vulnerable to a hydrogen pressure drop, we may install sensors that measure
the pressure of hydrogen in this component of the hydrogen supply system as
a precaution. In this way the sensors will notify immediately when a mechanic
is needed. Consequently, this will result in a decrease of the solving time of the
problem when the hydrogen pressure is not attained at the right value. Another
mitigation could be the assumption of expert E5 and E6. These experts assume
that there will be significantly more maintenance at the transmission part and as
a consequence, there will occur less failures in this part of the supply system.

Expert E5 considers the production part as posing the highest problem, as it is
highly dependent on the weather conditions. As mentioned before, in the hydro-
gen supply system it is assumed that there will always be hydrogen available for
the compressor. We either acquire green hydrogen produced by wind turbines
or solar panels, from the storage, or other types of hydrogen from tube trailers.
Nevertheless, according to expert E7, who also foresees the production as the
most critical component of the system, we must consider the hazards associated
with the production part, such as the effect of snow on the tube trailers. Accord-
ing to this expert, the risks associated with manufacturing are far greater than the
risks associated with leaks and sensor faults, for instance. A mitigation for the
problems at the production system could be that Stedin would need to increase
redundancy in the storage or hydrogen capacity overall.

According to the majority of experts, the city gate station and storage are seen
to be the least risky of all the components in the hydrogen supply system. The
city gate, according to expert E2, will not be a major concern. This is in line with
E3, who emphasized that the city gate station should not cause too many compli-
cations. Because everything is nicely arranged in the storage, this expert has great
faith in it. Due to personal experience, this expert believes it is extremely unlikely
that complications would arise at these two components, that is, the storage and
cite gate station. Expert E4 also believes that breakdowns at the city gate station
and storage are unlikely.

According to most of the expert, it is estimated that the city gate and storage a
considered the lowest risk factor from all the components in the hydrogen supply
system. Expert E2 believes that the city gate will not pose big issues. This is in
line with E3, who stated that not many problems are expected at the city gate.
This expert has also high confidence in the storage because everything is well
organized there. For this expert it is very unlikely that issues occur at these two
components due to personal experience. Furthermore, expert E4 does not expect
failures to occur at the city gate and storage too. This is based on the premise that
hydrogen is processed similarly as natural gas.

We end this section with a table illustrated in Figure 6.6. This table summa-
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rizes for every risk from the hydrogen supply system one or more mitigations to
improve the security of hydrogen supply in Stad aan ‘t Haringvliet.

Figure 6.6: Risk from the hydrogen supply system and one or more mitigations.

Remark 1. When we discussed the findings of the SEJ study with Stedin, one expert told
us that he does not expect much digging at Stad aan ’t Haringvliet since it is regarded as
a sleeping town. This crucial information was left out of both the project description and
the elicitation protocol. However, many of the consulted experts considered excavating to
be one of the greatest risks to the hydrogen supply.



Chapter 7
Bayesian Network

In this chapter we introduce Bayesian Networks, which have been used to model
stochastically the security of supply for the project Stad aan ’t Haringvliet. First,
an introduction of probability theory concepts which are used by Bayesian Net-
works is provided, in Section 7.1. Then an introduction of this mathematical phe-
nomenon will be given in Section 7.2. We continue this chapter by discussing
different types of Bayesian Networks in Section 7.3, where some examples will
be given. The chapter ends with explaining the basic features of a software called
UNINET that is used for the modelling of the Bayesian Network for the uncer-
tainty analysis, see Section 7.4.

7.1 Probability theory

In this section we introduce concepts of probability theory that are needed to
understand Bayesian Networks.

Definition 1. Two events X and Y are called independent if one of the following condi-
tions holds:

• P(X|Y) = P(X) and P(X), P(Y) ̸= 0;

• P(X ∩ Y) = P(X)P(Y).

Definition 2. Two events X and Y are called conditionally independent given event Z
(notation: P(X, Y|Z) for P(Z) ̸= 0) if one of the following conditions holds:

• P(X|Y ∩ Z) = P(X|Z) and P(X|Z), P(Y|Z) ̸= 0;

• P(X, Y|Z) = P(X|Z)P(Y|Z).

The following theorem is named after its inventor T. Bayes (1702-1761), a
mathematician from the United Kingdom. This theorem is useful in Bayesian
Networks.
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Theorem 1. (Bayes) Given two events X and Y such that P(X), P(Y) ̸= 0, then the
conditional probability of X given Y is defined by

P(X|Y) = P(Y|X)P(X)

P(Y)
. (7.1)

An extension of Theorem 1 is possible and is called the general Bayes theorem,
see Theorem 3. We need this extension, since it allows us to take more events into
consideration. However, in order to do that we require the following theorem
which is known as the Law of Total Probability.

Theorem 2. (Law of Total Probability) Given n mutually exclusive events A1, ..., An
such that their probabilities sum is unity and their union is the event space E, then Ai ∩
Aj = ∅, for all i, j = 1, ..., n such that i ̸= j, and ∪n

i=1Ai = E. Then the Law of Total
Probability is given by

P(B) =
n

∑
i=1

P(B|Ai)P(Ai), (7.2)

where B is an arbitrary event, and P(B|Ai) is the conditional probability of B on Ai.

Theorem 3. (General Bayes) Given events Xi and Y such that P(Xi), P(Y) ̸= 0 for
1 ≤ i ≤ n ≤ ∞, then the conditional probability of Xi given Y is defined by

P(Xi|Y) =
P(Y|Xi)P(Xi)

∑n
i P(Y|Xi)P(Xi)

. (7.3)

The following definition explains what conditional independent random vari-
ables mean since Bayesian Networks use condition independence for probability
distribution functions.

Definition 3. Let X, Y, Z be three events. X and Y are called conditionally independent
given Z if and only if:

• P(Z) > 0, and

• P(X|Y, Z) = P(X|Z).

This equivalence in Definition 3 emphasizes that Y has no influence on the
validity of X.

We turn from probability and events to random variables and distribution in
the next lemma. The importance of this change will be convenient later in this
chapter, since we will use this lemma together with another theorem for new
findings.

Lemma 4. Consider X1, X2, ..., Xn random variables. Then we can write the joint
probability density for the random variables as

f (x1, ..., xn) = f (x1)
n

∏
i=2

f (xi|x1, ..., xi−1). (7.4)
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7.2 Introduction to Bayesian Networks

Bayesian Belief Networks (BBNs), also called Bayesian Netwoks (BNs), fall un-
der the category of Probabilistic Graphical Modelling that is used to quantify
uncertainties by using the concepts of probability theory. The networks provide
a graphical representation of higher dimensional uncertainty distributions over a
set of random variables. In order to give a formal definition of a Bayesian Net-
work we need to define what a Directed Acyclic Graph is.

Definition 4. (Directed Acyclic Graph) A graph G = (V, E) with the set of nodes V
and the set of arcs E is a Directed Acyclic Graph (DAG) if

1. The set of nodes, V, has a finite cardinality, and;

2. The set of arcs, E, has no directed cycle and that for all arcs (a, b) ∈ E implies
a → b.

An example of a DAG with 5 random variables is given in Figure 7.1. Here the
cardinality of the set of nodes is 5, i.e. |V| = 5. Furthermore, there are no cycles
in the graph and each arc (a, b) starting from node a to node b implies a → b, for
a, b = 1, 2, 3, 4, 5.

Figure 7.1: Example of a Directed Acyclic Graph (DAG).

Below, a formal definition of a Bayesian Network is given.

Definition 5. (Bayesian Network) Bayesian Networks (BNs) are probabilistic graphical
models that represent a set of random variables as nodes and their conditional (in)dependencies
via a Directed Acyclic Graph [35].



84 CHAPTER 7. BAYESIAN NETWORK

By describing a series of conditional independence claims in the form of a
directed acyclic graph and a set of probability distributions, the networks encap-
sulate the probability density on the random variables. Next, we introduce some
important concepts for BNs.

Definition 6. (Parents and children) If there is a directed arc from node a to node b, then
node a is a parent of node b and node b is a child of node a. The set of parents of node a is
denoted as Pa(a). Similarly, the set of children of node a is denoted as Ch(a). If node a
has no parents, i.e. Pa(a) = ∅, then node a is called a source node.

If we consider Figure 7.1 again, we see that node 2 is a parent of node 1, node
4, and node 5. Node 5 is a child of node 2, node 3, and node 4. Node 2 is consid-
ered as a source node.

Definition 7. (Ancestors and descendants) If there is a directed path from node a to node
b, possibly through other vertices, node b is a descendant of node a and node a is an
ancestor of node b. The set of ancestors of node a is denoted by An(a). Similarly, the set
of descendants of node a is denoted by De(A).

Considering Figure 7.1 again, we see that node 5 is a descendent of node 1, or
equally node 1 is an ancestor of node 5.

Theorem 5. (Local Markov Property) Every random variable Xi in a BN is conditionally
independent of its ancestors given its parents. Notation:

Xa ⊥ XAn(a)|XPa(a).

In Figure 7.1 we see that node 5 given its parent node 3 is independent of its
ancestor node 1.

The Local Markov Property together with Lemma 4 can be used to simplify
the expression of the joint probability as in Equation 7.5.

f (x1, ..., xn) =
n

∏
i=1

f (xi|xPA(i)). (7.5)

The capacity of the BNs to generate updated distributions, given data, as
well as modelling multivariate dependent distributions between the variables,
are their key attributes. The ability provide key insights such as prediction, diag-
nosis, data analysis etc., as well as the easy depiction of the intricate interactions
between the random variables, makes the employment of BNs appealing. Thus
BNs have a broad application area, such as forensic investigation [36], medical
research [37], energy section [38] etc. The use of BN is convenient for the follow-
ing three reasons according to research [39].

1. Graphical models can be understood clearly and intuitively;

2. Statistical inference is possible through computationally efficient condition-
ing;

3. Both direct and indirect relationships can be represented.
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7.3 Different types of Bayesian Networks

In this section we briefly introduce three different types of Bayesian Networks
that are related to the research in this thesis. The first to be discussed Bayesian
Network is a Discrete Bayesian Network, also abbreviated with DBN. Next, Con-
tinuous Bayesian Networks, CBNs, will be introduced. At last, a mix of a discrete
and continuous Bayesian Network will be discussed, which is called a Hybrid
Bayesian Network, HBN. The difference in the Bayesian Networks lies in the type
of random variables the Bayesian Network is associated with.

7.3.1 Discrete Bayesian Networks

A Discrete Bayesian Network (DBN) is one in which all of the random variables in
a BN have discrete distributions. The (marginal) distributions of all source nodes
and the conditional probability tables for child nodes complete the quantification
of the BN [40]. In the amount of parents, the number of probabilities that must
be assessed and preserved for a child node grows exponentially. When a new
parent node is added to the network, all of the children’s impacts must be reeval-
uated. If the child node marginal distributions are known, there is no method to
directly add this information. Alternatively, conditional probability tables must
be adjusted to account for all marginal data [41]. In practice, DBNs have signifi-
cant limits since the discrete representation of variables offered for many critical
situations is insufficient. Therefore DBNs are suitable for only small problems, as
illustrated in Section 7.3.1.1.

7.3.1.1 Example: Admission to a University

In this paragraph we consider an example of a DBN from Edureka by Zulaikha
Lateef [42]. In Figure 7.2 the network is illustrated and models the marks of a
student on his examination. There are 5 nodes given in the figure. Consider the
node Exam level (E), which is a discrete variable that can take two values. The
Exam level can be either difficult or easy. Thus considering the figure, we can
see that Exam level is directly connected to Marks (M), meaning that the node
Marks is dependent on the Exam level. Next, we have IQ level (I) of the student,
which is again a discrete variable that can take two values. The student has either
a low IQ or a high IQ. Again, the Marks are directly dependent on the IQ level
of the student. Now the marks will in turn predict whether or not a student will
get admitted into a University. Thus the probability of a person getting admitted
into a University will depend on his marks. That is why there is a direct link
from Marks to Admission (A). An additional node that is added to the BN is the
aptitude score (S) of the student, which is dependent on the IQ level.

Analyzing the figure further, each node is represented by a (conditional) prob-
ability table. Since the Exam level and IQ level are source nodes, they have an
unconditional probability, e.g. P(E = e0) = 0.7, whereas the conditional prob-
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Figure 7.2: Bayesian Network: Admission to a University

ability table for Marks has separate row for each IQ level and Exam level. This
is because Marks is directly dependent on IQ level and Exam level. Similarly for
the Aptitude score and Admission we see that the conditional probability table
has a separate row for IQ level and Marks respectively.

For these discrete random variables we can factorize a joint probability mass
function:

p(A, M, I, E, S) = p(A|M)× p(M|I, E)× p(I)× p(E)× p(S|I).
In order to find the probability of the Admission score we use the Theorem 2,

Law of Total Probability:

p(A) = ∑
m∈M, i∈I
e∈E, s∈S

p(A, m, i, e, s) = ∑
m∈M, i∈I
e∈E, s∈S

p(A|m)× p(m|i, e)× p(i)× p(e)× p(s|i).

7.3.2 Continuous Bayesian Networks

A Continuous Bayesian Network (CBN) is one in which all of the random vari-
ables are assumed to have continuous distributions. Joint normality is frequently
assumed when working with CBNs, and they are referred to as Gaussian BNs.
Each node is regressed on the set of its parents, and the impact of a parent on
a child is regarded as a regression coefficient. The (conditional) expectations,
conditional variances, and regression coefficients of all variables are completely
stated in a Gaussian BN model [40].
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7.3.3 Hybrid Bayesian Networks

A Hybrid Bayesian Network (HBN) is a form of Bayesian Network (BN) that in-
cludes both continuous and discrete random variables. A discrete random vari-
able can only have a discrete random variable as a parent, whereas a continuous
random variable can have both discrete and continuous parents [43]. The ma-
jority of data in the real-world circumstances requires information about the joint
behaviour of discrete and continuous random variables [43], which is also the
case in the research of this thesis.

The conditional Gaussian model is one method of dealing with HBNs. The
joint Gaussian distribution is a constraint on this type of BN [44]. Discretiza-
tion is a popular strategy for dealing with continuous variables when the joint
normality assumption is not acceptable [45]. To produce a decent approxima-
tion while discretizing a continuous variable, a high number of states would be
required. In complicated systems, however, this method leads to extraordinarily
big conditional probability tables that must be quantified. Because the enormous
amount of data necessary for this quantification is rarely accessible, continuous
variables are approximated using a small number of states. Furthermore, even
if quantification is possible, precise inference may be impossible due to the high
number of computations necessary [45].

A second method for dealing with HBNs are the Non-Parametric Bayesian
Networks (NPBNs). It was first presented in [46] and then expanded upon in
[47] and [48]. By linking marginal distributions of all variables with the depen-
dency structure generated from bivariate dependence, NPBNs construct the joint
distribution of a collection of variables represented as a DAG. In NPBNs, nodes
are connected with arbitrary distributions, while arcs are associated with (condi-
tional) one-parameter copulae, parameterized by Spearman’s rank correlations,
see [49] and [50]. The NPBN’s arcs are allocated to the (conditioned) copulae us-
ing a technique that relies on the parent nodes’ ordering. The main discovery of
NPBNs is that the joint distribution is uniquely determined by any combination
of conditional copulae, one-dimensional marginal distributions, and conditional
independence claims supplied by the graph, and that any such specification is
consistent, see [51].

7.4 UNINET: basic settings

Before we discuss the stochastic modelling of the Bayesian Network for the un-
certainty analysis that is used in this research, we explain some basic features of
UNINET. UNINET has been developed by Delft University of Technology and is
used to model NPBNs. The primary priority of UNINET is on high-dimensional
distribution dependence modeling. This section is based on the UNINET help
file [52].

In UNINET there are two kind of nodes that can be modelled: probabilis-
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tic nodes and functional nodes. Probabilistic nodes are random variables which
are assigned a distribution. Distributions can be selected from a list of available
parametric families or can be estimated from data. For this research, data result-
ing from the SEJ research are used. Probabilistic nodes influences other nodes by
if a certain event happens, then another certain event can happen, with a certain
probability. As mentioned beforehand, influences among probabilistic nodes is
represented by conditional rank correlations [52].

Functional nodes are nodes that are represented as a function of other random
variables. The parents of a functional node are the arguments of the function. The
parents of the functional nodes can be probabilistic or functional. However, the
functional node cannot have a probabilistic child. Functional nodes influences
other nodes by if a certain event happens, then another certain event happens.

In Figure 7.3 an example of a functional node is given. Suppose random vari-
ables X and Y are probabilistic nodes and following empirical distributions Fx
and FY, respectively. Random variable Z is defined by the product of random
variables X and Y. To take another example from our research project, consider
random variable X attaining value 1 when there is a leakage and 0 when there
is not a leakage in the hydrogen supply system. Random variable Y attains time
values in hours which correspond on how long it takes a mechanic to resolve
the corresponding leakage, given the fact that there is indeed a leakage. Then
random variable Z attains outcomes of the time when a mechanic is solving the
leakage, including the fact that this takes 0 hours, i.e. when there is no leakage.

Figure 7.3: Example: Functional node Z, with two probabilistic parent nodes, X and Y.

When the BN is completely defined, we can simulate Monte Carlo samples on
the entire joint distributions. Moreover, UNINET enables to represent the nodes
using their distributions. It is also possible to condition on a certain variable. The
option ’update’ in this software makes the network generate conditional excep-
tion’s which can be used to make predictions.



Chapter 8
Analysis Bayesian Network and
Results

In this chapter, we go present the Bayesian Network analysis. Prior to the anal-
ysis, we have to specify the structure of the Bayesian Network, which is covered
in Section 8.1. In Section 8.2, we discuss how the Bayesian Network is modelled
in great depth. In Section 8.3, we execute the analysis in UNINET and provide
the key findings. In Section 8.4, we repeat these steps for an extension of the
Bayesian Network that was previously utilized. Making a comparison between
the outcomes from the SEJ research from Chapter 6 and from the two Bayesian
Networks in this chapter, is both fascinating and relevant. As a result, we con-
clude this chapter with Section 8.5, which includes the comparisons.

8.1 Constructing the structure of the Bayesian Net-
work

In this section we want to model the joint distribution of the random variables
discussed Section 3.2.1. This modelling should be consistent with the systematic
event influence diagram for hydrogen supply shown in Figure 3.2. To increase
readability, the diagram is also repeated in this section in Figure 8.1. Given the
assumption that any issues related to the electrolyser or compressor will not in-
fluence the hydrogen supply at the buildings in Stad aan ‘t Haringvliet, we de-
cided not to include them in the risk model. Nevertheless, including them in
the Bayesian Network and assuming that we do not always have enough tube
trailers, will lead to more insight in the risk assessment. Therefore, as a modest
extension of the project, we will take a closer look at it.

In Figure 8.2 a BN is constructed in line with the diagram of Figure 8.1. Given
the direction, an ordering of the variables may be formed inside the network,
which offers information on the sampling order, i.e. the order in which informa-
tion is assumed to be obtained. This yields that certain nodes are designated as
parent nodes, while others are designated as children nodes. Furthermore, the
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Figure 8.1: Systematic event influence diagram for hydrogen supply

orange/red colored nodes correspond to events indicating possible issues in the
system, see Figure 3.2. The blue/green nodes display the time for mechanics to
solve the arising issues.

As we see in the BN of Figure 8.2, node A1 and A2 influence B1, i.e. the pro-
duction of electricity by solar panels and wind turbines influences the production
of green hydrogen. Node D1: green hydrogen storage, is dependent on node B1:
not enough or no green hydrogen production. It is assumed that if there is not
enough or no green hydrogen, green hydrogen from storage needs to be used. If
there is not enough green hydrogen stored, then we need to use hydrogen from
tube trailers, which is not green, see nodes D1 and D4.

Node NC1 depends on the node C1. If there is a problem with the pressure
of hydrogen in the compressor, then a mechanic is needed to solve the problem
related to the pressure in the compressor. Node C1 also influences the outcome
of node D1. If the pressure of hydrogen is not fixed or the mechanic is working
on the problem, then we need hydrogen from the storage in the meantime. Node
C1, D1, and D4 both influence the outcome of the pressure of hydrogen in in the
transmission pipeline system (node E1). Consequently, if the pressure of hydro-
gen is too low in the transmission pipeline system, a mechanic is required so that
hydrogen attains its right pressure, see node NE1. Node E1 and NE1 affect di-
rectly the time having a lack of hydrogen and E1 affects directly the probability
when there is a lack of hydrogen. Furthermore, E1 also influence the pressure of
hydrogen at the city gate station if the pressure is not at a right value in the trans-
mission pipeline. If this causes a low hydrogen pressure in the city gate station
(node F2), then a mechanic is needed for solving this problem (node NF2). The
values of nodes F2 and NF2 affect directly the probability and time of having a
lack of hydrogen in the buildings. Next, if the pressure is not attained at the right
value in the city gate station then this can affect the pressure of hydrogen in the
distribution pipeline system at street level. Thus node G3 depends of node F2.



8.1. CONSTRUCTING THE STRUCTURE OF THE BAYESIAN NETWORK 91

Figure 8.2: Bayesian network: modelling the security of hydrogen supply.
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Consequently, if the pressure is too low at street level, a mechanic is required, i.e.
NG3 depends on G3. The values of nodes G3 and NG3 affect the probability and
time of having a lack of hydrogen in the buildings. Low hydrogen pressure at the
buildings is a result of low hydrogen pressure at street level. Thus the nodes G3
influence H1. Hence, node H1 influence NH1, since a mechanic is essential to fix
the hydrogen pressure at the buildings if the pressure it too low. Subsequently,
node H1 affects directly the probability of a lack of hydrogen in the buildings
and together with node NH1 they affect directly the time when there is a lack of
hydrogen.

Node D2 represents the event of having a leakage in the storage. If there is
a leakage, then a mechanic is needed, see ND2. So node D2 is influencing node
ND2. Node D2 also influences node D1: green hydrogen storage. If the leakage
occurs then the amount of hydrogen stored will decrease.

Node D3 represents the event that the sensors that measure leakage in the
storage contain an error. A mechanic is required to fix the sensors, so it is natural
that node ND3 depends on node D3. Both nodes influence the time of a mechanic
repairs the leakage in the storage: if there is leakage in the storage and it goes un-
noticed since the sensors do not work, then it will take more time for a mechanic
with removing the leakage. So node ND2 is dependent on the nodes D3 and ND3.

If there is hydrogen leakage in the transmission pipeline system (node E2), we
need a mechanic for this leakage (node NE2). So node NE2 depends on node E2.
Subsequently, node E2 also influences nodes E1 and F2, the pressure of hydro-
gen in transmission pipeline system and city gate station, respectively. Moreover,
nodes E2 and NE2 also directly influence the time of having a lack of hydrogen
in the buildings, respectively. The probability of having a lack of hydrogen in the
buildings is directly affected by node E2.

Node F1 represents the event that a problem in mixing hydrogen with the
odorant arises. When there is a problem with the mixing a mechanic is needed to
solve this. So node F1 influences node NF1. Node F2 influences node H2 and H3
and node NF2 influences node H3, lack of hydrogen in the homes in probability
and time, respectively. H2 represents the lack of hydrogen in homes, in probabil-
ity, and H3 represents the time, in minutes, there is no hydrogen in homes.

If there is a leakage in the distribution pipeline system (node G1) then a me-
chanic is essential to remove the leakage (node NG1). This means that node NG1
depends on G1. Node G1 influence nodes H2 and H3 and node NG1 influences
node H3 directly.

If there are sensors that measure leakage in the distribution pipeline system
that contain an error, we need a mechanic for replacing the sensors or solving the
error, in other words: NG2 is dependent of G2. Both nodes influence node NG1.
If there is a leakage in the distribution pipeline system and this goes unnoticed
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because the sensors are not working, then it will take more time to decide a me-
chanic is needed for the leakage. Furthermore, node G2 and NG3 influence node
H3 directly and node G2 also influence node H2 directly.

8.2 Modelling Bayesian Network

Following up on the discussion about the structure of the BN, we will delve a little
more into how the BN is modelled in this section. Figure 8.3 depicts the BN that
is modelled in UNINET. We notice that the BN in Figure 8.2 has less nodes and
arcs than the BN in Figure 8.3. This can be explained due to modeling constraints.

Figure 8.3: Bayesian network from UNINET: the index of the random variables are dis-
played on the nodes.

The additional nodes are the probabilistic blue nodes given in Figure 8.3.
These nodes correspond to time related random variables and whose distribu-
tions are quantified from the SEJ research. The additional arcs originate from the
blue nodes to the white nodes, i.e. they exert their influence on the white nodes
if the event of the blue nodes occur.
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The dark green colored nodes correspond to the random variables: A1, A2,
B1, and C1, which are assigned a distribution from literature research, see Section
3.2.1. Node B1 depends on node A1 and A2 and they are assumed to have a nega-
tive correlation of -0.5, since if one variables increases, the other decreases. This is
confirmed by [17], since half of the year green electricity is produced from wind
turbines and the other half year generated from solar panels. The light green
colored nodes correspond to the random variables: D2, D3, E2, F1, G1, and G2,
whose distributions are quantified according to the results from the SEJ research.
With exception of node B1, all the (dark) green and blue nodes are parents nodes.

With the exception of node H3, the white nodes relate to the time a mechanic
requires to fix an issue and are modelled in the BN only when a problem actually
occurs. The matching blue nodes, on the other hand, contain time values de-
pending on the fact that there is a problem. Furthermore, unlike the blue nodes,
the white nodes are assigned a function with arguments consisting of blue and
dark/light green nodes, rather than an empirical distribution based on the SEJ
study results. As a result, the white nodes are functional nodes that exert their
influences by causing a given event in the nodes that depend on the white nodes
if the white nodes’ event occurs.

At long last, the network has yellow nodes. These are functional nodes, which
model the relationships among nodes in the influence diagram.

In Tables J.1 and J.2 of Appendix J the formulas for each yellow and white
functional nodes are given. These formulas are used in UNINET in order to
model the network. Consequently, a derivation can be made from these formu-
las to probabilities for the random variables. In Appendix K we show how the
probabilities for each yellow functional node is derived and in Table K.2 we show
how the probabilities for each white functional node corresponding to the time,
t, is derived.

8.3 Conditioning analysis for H2 and H3

The constructed structure of the BN, along with the information obtained from
SEJ led to the quantification of the variables of interest. The expected probability
for having a lack of hydrogen in the buildings is 0.302, with a standard deviation
of 0.235. The BN structure allows the interrogation of the network in order to
study possible effects of events occurring. It is of interest to analyze how these
estimates are updated when we condition on the probabilistic nodes on which
H2 depends in the BN. These probabilistic nodes are A1, A2, B1, C1, D2, E2, F1,
G1, and G2. In this section we condition on several values for the probabilistic
nodes, namely for the value on the 5%, 50%, and 95%- quantiles. With the three
values, we want to mimic three scenarios: a best case (for 5% quantile), an esti-
mated case (50% quantile) and a worst case (95% quantile). For the nodes B1 and
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C1 we condition on their occurrence. The results are shown in the third column
of Table L.1 in Appendix L.

According to Table L.1 in Appendix L, the expected probability for having a
lack of supply in the buildings increases for some events. These expected proba-
bilities are colored red in the table. Producing too little green electricity through
wind turbines (A1) and solar panels (A2) results in increasing the risk of not
having enough hydrogen supply in the buildings. As a consequence, the same
statement holds for when there is not enough green hydrogen capacity (B1), the
hydrogen pressure in the compressor is too low (C1), there is a hydrogen leakage
in the transmission pipeline system (E2), or there arises a problem in mixing hy-
drogen with the odorant (F1). When there is a leakage in the distribution pipeline
system (G1) or sensors that measure leakage in the distribution pipeline system
contain an error (G2), the expected probability of having a lack of hydrogen also
increases.

Investigating the table further, we see that if the right hydrogen pressure value
is not attained in the compressor, the expected probability of having a lack of hy-
drogen supply in the buildings increases to 0.88. The increase is less rapid for
the other red colored rows. The second highest risk is when there is a leakage
in the distribution pipeline system with high probability (0.5432). The expected
probability increases to 0.617. This is followed by when there arises a problem
in mixing hydrogen with the odorant with high probability (0.1354), yielding an
expected probability of 0.364 for having a lack of hydrogen supply. The findings
are also summarized in Table 8.1, where the problems that increase the expected
probability for not having enough hydrogen supply in Stad aan ‘t Haringvliet are
highlighted. The table is ordered from highest increased expected probability to
lowest increased expected probability.

In order to address the second objective mentioned Section 1.2, we investi-
gate the analysis for H3. The expected duration for a shortage of hydrogen in the
buildings is given in minutes is estimated at 122 minutes with standard deviation
of 621 minutes. It is of interest to analyze how the expected time changes when
we condition on the probabilistic nodes on which H3 depends in the BN. These
probabilistic nodes are A1, A2, B1, C1, D2, E2, NE2, F1, NF1, G1, NG1, G2, NG2,
NE1, NF2, NG3, and NH1. In this section we condition on several values for the
probabilistic nodes, namely for the value on the 5%, 50%, and 95%- quantiles. For
the nodes B1 and C1 we condition on their event value. The results are shown
in Tables L.3 and L.4 in Appendix L. According to these tables, the expected time
of having a lack of supply in the buildings of Stad aan ‘t Haringvliet increases
for some events. These expected time values are colored red in the tables. Some
of the events increase the time value significantly, whereas some only increase it
with a small magnitude. In Table 8.2 the events that increase the expected time
for not having enough hydrogen supply in Stad aan ‘t Haringvliet are ordered
from highest increased expected time to lowest increased expected time. From
this table we conclude that not having the right hydrogen pressure at the com-
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Posing biggest problem for hydrogen supply in
Stad aan ‘t Haringvliet

Expected probability for H2

Right pressure of hydrogen in the compressor is
not attained

0.88

Hydrogen leakage in distribution pipeline sys-
tem with high probability (0.5432)

0.617

There arises a problem in mixing hydrogen with
the odorant with high probability (0.1354)

0.364

Hydrogen leakage in the transmission pipeline
system with high probability (0.06053)

0.361

Sensors that measure leakage in the distribution
pipeline system contain an error with high prob-
ability (0.1507)

0.353

Not enough or no green hydrogen 0.313
Green electricity production through solar pan-
els with low probability (0.78909)

0.307

Green electricity production through wind tur-
bines with low probability (0.789)

0.306

Table 8.1: Problems that lead to highest expected probability to the lowest expected prob-
ability of having a lack of hydrogen.

pressor poses the biggest problem for the disruption of the supply of hydrogen.
It is expected that it will result in 2.311E+3 minutes of having a lack of hydrogen
in the buildings of Stad aan ‘t Haringvliet.

8.4 Extending the BN and its modeling

As mentioned in Section 6.2.2 we want a specified pressure value for hydrogen
at each component in the hydrogen supply system. However, the pressure does
not always need to attain the specified maximum value as discussed in Chapter
3. One of Stedin’s staff pointed out that during the summer, the energy demand
for heating drops, resulting in a decreased hydrogen supply requirement for the
households. Consequently, the pressure of hydrogen in each component of the
supply system can be lower than the maximum pressure indicated in Chapter 3.
This however is not an issue as long as the hydrogen pressure in each compo-
nent is not lower than the required pressure in the subsequent component. We
may anticipate that if we experience a very harsh winter, the energy demand for
heating will be high. For heating, we require additional hydrogen compared to
summer/spring. In other words, we require hydrogen at a high pressure, close
to or equal to the maximum pressure value for each component of the hydrogen
supply system. In this section we show an extension for the BN which takes the
low and high hydrogen demand into account.
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Posing biggest problem for hydrogen supply in
Stad aan ‘t Haringvliet

Expected time (in minutes) for
H3

Right pressure of hydrogen in the compressor is
not attained

2.31E+3

Mechanic takes 110.3 hours to solve a hydrogen
pressure problem in the transmission pipeline
system

261

Hydrogen leakage in the distribution pipeline
system with high probability (0.5432)

227

Mechanic takes 560 hours to fix issues with sen-
sors that measure leakage in the distribution
pipeline system

174

Mechanic takes 25.04 hours to fix issues with
leakage in the distribution pipeline system

165

Hydrogen leakage in the transmission pipeline
system with high probability (0.06053)

132

There arises a problem in mixing hydrogen with
the odorant with high probability (0.1354)

128

Not enough of no green hydrogen produced/
Mechanic takes 1426 hours to fix issues with hy-
drogen pressure at the city gate station

124

Green electricity production through solar pan-
els with low probability (0.78909)

123

Table 8.2: Problems that lead to highest expected time to the lowest expected time of
having a lack of hydrogen.
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Figure 8.4: Extended Bayesian Network: description of the random variables are stated
on the nodes.
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By extending the Bayesian Network from Figure 8.3 to an Extended Bayesian
Network (EBN) as illustrated in Figure 8.4 we can further model the hydrogen
supply system when the energy demand is low or high. The node I: Energy de-
mand is assigned a Bernoulli distribution with parameter 0.5, i.e. with probability
half the energy demand is low, and with probability half the energy demand
is high. Because there are 6 months of autumn and winter (corresponding to
months with high energy demand) and 6 months of summer and spring (corre-
sponding to months with low energy demand). Moreover, we introduce 6 addi-
tional nodes, to tailor the low/high demand for nodes E1: Pressure of hydrogen in
the transmission pipeline system, F2: Pressure of hydrogen at the city gate station, and
G3: Pressure of hydrogen in the pipeline system at street level. This means that we
split the node E1 into nodes HE1: Pressure of hydrogen in the transmission pipeline
system is lower than 40 bar and LE1: Pressure of hydrogen in the transmission pipeline
system is lower than 8 bar. Note that HE1 is considered for the high energy demand
and LE1 is considered for low energy demand. Similarly, we split node F2 from
Figure 8.3 into nodes HF2: Pressure of hydrogen in the city gate station is lower than
8 bar and LH2: Pressure of hydrogen in the city gate station is lower than 100 millibar
and the node G3 into nodes HG3: Pressure of hydrogen in the pipeline system at street
level is lower than 100 millibar and LG3: Pressure of hydrogen in the pipeline system at
street level is lower than 25 millibar.

In this extension, the six additional nodes have the same parent nodes and
child nodes as the original nodes from the network in Figure 8.3. This yields the
equalities

Pa(HE1) = Pa(LE1) = ∅ Ch(HE1) = Ch(LE1)
Pa(HF2) = Pa(LF2) = ∅ Ch(HF2) = Ch(LF2)
Pa(HG3) = Pa(LG3) = ∅ Ch(HG3) = Ch(LG3)

In Figure 8.5 we see the EBN that is modelled in UNINET. The only changes in
this network when compared to the BN in Figure 8.3 are the additional dark/light
green nodes I, LE1, HE1, LF2, HF2, LG3 and HG3. With exception of node I, the
distribution of the other nodes is quantified from the SEJ study. When the value of
node I equals 0, the functional nodes E1 functional, F2 functional, G3 functional
will be influenced by the probabilistic nodes LE1, LF2, and LG3, whereas if the
value of node I equals 1, the functional nodes E1 functional, F2 functional, G3 functional
will be influenced by the probabilistic nodes HE1, HF2, and HG3.

In Table J.3 of Appendix J the formulas for the functional nodes E1, F2, and
G3 from the EBN are given. The formulas for the other functional nodes remain
unchanged. Consequently, a derivation can be made from these formulas to prob-
abilities for the corresponding random variables. In Table K.3 of Appendix K we
show how the probabilities for these random variables are derived.
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Figure 8.5: Extended Bayesian Network from UNINET: the index of the random variables
are displayed on the nodes.
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8.4.1 Conditioning analysis for H2 and H3 in EBN

According to the EBN in figure 8.5, the node H2: lack of hydrogen in the build-
ings, in probability, depends on the same nodes just as before. Namely the nodes:
E1, E2, F1, F2, G1, G2, G3 and H1. The expected probability is 0.267 with stan-
dard deviation of 0.207. It is quite of interest to analyze how these values change
when we condition on the probabilistic nodes on which node H2 depends in the
EBN. We consider the same probabilistic nodes as before, together with the nodes
I, LE1, HE1, LF2, HF2, LG3, and HG3. Once again, we condition on the values of
the 5%, 50% and 95% -quantiles of these nodes, and for B1, C1 and I, we condition
on their event value. The results are shown in Tables L.1 and L.2 from Appendix
L.

The expected probabilities for having a lack of supply in the buildings in-
creases for some conditioned events. These probabilities are colored red in the
tables. In Table 8.3 the problems that increase the expected probability of not
having enough hydrogen in the village Stad aan ‘t Haringvliet are illustrated. The
table is ordered from highest increased expected probability to lowest increased
expected probability. We observe that the event of having a hydrogen leakage in
the distribution pipeline system with high probability (0.5432) poses the highest
probability for having a lack of hydrogen supply, namely 0.598. This shows that
having a leakage in the distribution pipeline system is seen as the riskiest event
for ensuring the security of supply.

Investigating the EBN further for node H3, we have that this node depends
on the same nodes as before the extension. The expected time for having a lack of
hydrogen in the buildings, in minutes, equals 55.1 with standard deviation of 189.
Just as before, we analyze how the expected time changes when we condition on
the probabilistic nodes on which H3 depends in the BN. These probabilistic nodes
are the same nodes as before the extension of the BN together with the nodes I,
LE1, HE1, LF2, HF2, LG3, and HG3. As usual, we condition on the values of the
5%, 50% and 95% -quantiles of these nodes, with exception of nodes B1, C1 and
I, where we condition on their event value. The results are shown in Tables L.3
and L.4 in Appendix L.

The expected times for having a lack of hydrogen supply increase for some
events when we condition on them. These time values are colored red in Tables
L.3 and L.4. In Table 8.4 the problems that increase the expected time of not hav-
ing enough hydrogen supply in the city are shown. The results in the table is
ordered from highest increased expected time to lowest increased expected time.
It shows us that not having the right hydrogen pressure at the compressor poses
the biggest treat, since it leads to 231 minutes of not having enough hydrogen in
the buildings of Stad aan ‘t Haringvliet.
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Posing biggest problem for hydrogen supply in
Stad aan ‘t Haringvliet

Expected probability for H2 in
EBN

Leakage in the distribution pipeline system with
high probability (0.5432)

0.598

Pressure of hydrogen in the compressor is not at-
tained

0.39

There arises a problem in mixing hydrogen with
the odorant with high probability (0.1354)

0.333

Sensors that measure leakage in the distribution
pipeline system contain an error with high prob-
ability (0.1507)

0.321

Hydrogen leakage in the transmission pipeline
system with high probability (0.06053)

0.302

Not having the right hydrogen pressure at the
transmission pipeline system with high proba-
bility (0.9322) when the hydrogen supply de-
mand is high

0.282

High energy demand 0.273
Not enough or no green hydrogen produced/
Hydrogen leakage in the storage with high prob-
ability (0.08035)

0.271

Not having the right hydrogen pressure at the
transmission pipeline system with high proba-
bility (0.1746) when the hydrogen supply de-
mand is low

0.27

Green electricity production through solar pan-
els with low probability (0.78909)/ Green elec-
tricity production through wind turbines with
low probability (0.789)

0.269

Table 8.3: Problems that lead to highest expected probability to the lowest expected prob-
ability of having a lack of hydrogen.
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Posing biggest problem for hydrogen supply in
Stad aan ‘t Haringvliet

Expected time (in minutes) for
H3 in EBN

The right pressure of hydrogen in the compres-
sor is not attained

231

Hydrogen leakage in the distribution pipeline
system with high probability (0.5432)

157

Mechanic takes 560.4 hours to fixes issues with
the sensors that measure leakage in the distribu-
tion pipeline system

104

Mechanic takes 25.04 hours to fixes issues with
leakage in the distribution pipeline system

97.2

Sensors that measure leakage in the distribution
pipeline system contain an error with high prob-
ability (0.11507)

85

Not having the right hydrogen pressure at the
transmission pipeline system with high proba-
bility (0.9332) when the hydrogen supply de-
mand is high

79.8

Mechanic takes 110.3 hours to solve a hydrogen
pressure problem in the transmission pipeline
system

66.5

There arises a problem in mixing hydrogen with
the odorant with high probability (0.1354)

61.8

High energy demand 61.3
Hydrogen leakage in the transmission pipeline
system with high probability (0.06053)

59

Leakage in the storage with high probability
(0.08035)

55.9

Not enough or no green hydrogen produced/
Mechanic takes 46.28 hours to fixes issues with
leakage in the transmission pipeline system/
Mechanic takes 12.68 hours to fixes issues with
mixing odorant with hydrogen

55.7

Not having the right hydrogen pressure at the
transmission pipeline system with high proba-
bility (0.1746) when the hydrogen supply de-
mand is low

55.6

Green electricity production through solar pan-
els with low probability (0.78909)

55.4

Green electricity production trough wind tur-
bines with low probability (0.789)

55.3

Table 8.4: Problems that lead to highest expected time to the lowest expected time of
having a lack of hydrogen.



104 CHAPTER 8. ANALYSIS BAYESIAN NETWORK AND RESULTS

8.5 Comparison of results

In this section we compare the results for the random variables H2 and H3 for
three different studies. The first study is from Chapter 6 and will be referred as
the SEJ research. We use the results of the first two questions of interest for the
comparison. The second study is from the BN in this chapter. We will refer to
this study as the BN research. At last, the third study will use the results from the
EBN, also from this chapter. We refer to this study as the EBN research.

The 5, 50, and 95%-quantiles for the random variables in the three types of
research are presented in Table 8.5. When comparing the outcomes of the BN and
EBN research, we can observe that the EBN leads to smaller expected probabil-
ities and times. This makes sense since, in the BN research, we constructed the
network with the constraint that we require the maximum pressure value or we
would have a problem, whereas this was not the case with the EBN.

H2 H3
Research q5 q50 q95 q5 q50 q95
BN 0.03099 0.2339 0.8266 4.138E-3 5.006 386.2
EBN 0.02597 0.2067 0.6494 2.32E-3 3.135 259.8
SEJ 0.003761 0.06839 0.5373 0.1001 114 55310

Table 8.5: Results for H2 and H3, using the researches SEJ, BN, and EBN.

Furthermore, the UNINET findings reveal that the probabilities of a hydrogen
shortage in buildings are higher than those found in the SEJ research. Concerning
how long the buildings will be without hydrogen yields different values for each
research. Focusing on the 50%-quantile, we observe that the BN, EBN, and SEJ
researches warn us that the lack of hydrogen in Stad aan ‘t Haringvliet will take
5, 3, and 114 minutes in the first year of realizing Stedin’s pilot, respectively.

For several random variables, the BNs modelled in UNINET used distribu-
tions derived from the SEJ research. Therefore, one might expect that the proba-
bilities and time values in Table 8.5 are close to each other. It can be explained why
this is not the case. To begin with, the experts from the SEJ research merely con-
sidered the model assumptions. Furthermore, the biases of each expert should
also be taken into account. Another factor to consider is that the functional nodes
are provided with a formula that corresponds to the systematic event influence
diagram for hydrogen supply (see Figure 8.1). The outcomes of these formula
can differ significantly from the answers of the expert in the SEJ research. For ex-
ample, some experts believe that the system’s production side will represent the
greatest danger to hydrogen supply. However, production was not considered
as a threat, according to the hydrogen supply system. This was not the objective
when the hydrogen supply system was modelled. Despite everything, we still
chose to condition on the nodes from the production side in the BNs, for more
insights.
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Hence the following question arises: Which study should be used to estab-
lish the conclusions for this thesis? Despite the fact that the SEJ research is an
important aspect of this thesis and its findings are integrated in the BN and EBN
researches, we should not utilize the SEJ research to draw conclusions. Some
experts were debating the components of the hydrogen supply system in ways
that were inconsistent with the premises of the hydrogen supply system, and the
working assumption is that this system is considered to be correct for this thesis
research. Furthermore, the calibration scores indicated that the assessments were
modest in terms of statistical accuracy. Moreover, most random variables in the
UNINET networks are constructed only using mathematical reasoning, e.g. for-
mulas assigned to the functional nodes, or how the arcs are connected with the
nodes. This makes it more convenient to prefer the studies from UNINET over
the SEJ research, given that human judgment can be subjected to biases. Since in
the EBN research we make an extra assumption which better fits reality than the
BN research, it is evident to give the preference to the EBN research over the BN
research for answering the main problems in this thesis research.

This yields the following conclusions: The best estimate for how likely it is
that there is not enough hydrogen in the buildings equals 0.2067, with a 90% con-
fidence interval [0.02597,0.6494], according to the EBN research. And considering
the event of not having enough hydrogen in Stad aan ‘t Haringvliet, the best es-
timate for how long this last in minutes is 3.135 minutes, with 90% confidence
interval [2.32E-3,259.8], in the first year of realizing Stedin’s pilot.

Comparing the results from the EBN research with the number used for nat-
ural gas in Section 6.5.1, we observe that the answers for the first question are
far from each other. The present research indicates that hydrogen supply system
has the potential to be less secure than the natural gas supply system. Neverthe-
less, this high probability might originate from the SEJ research. It was evident
from the calibration questions that experts were overestimating, even when they
were trying to assign low probabilities/rates to these questions, e.g. assigning a
numerical value of 0.1 instead of 10−6. They may have done the same thing for
the questions of interest. For the second question, the best estimate for hydrogen
shortage equals 3.135 minutes, whereas the numbers for the natural gas instances
from Section 6.5.1 stated a significantly longer duration of shortage. Thus it can
also be argued that the present research indicates that the hydrogen supply sys-
tem has the potential to be more secure than the natural gas supply system.





Chapter 9
Conclusion

We conclude this thesis by summarizing the key results of the thesis, followed by
a discussion, and ending with suggestions for further research.

9.1 Summary of the results

In this thesis we aimed to quantify the risk to 100% hydrogen supply security in
the built-environment and, when feasible, compare it to the natural gas security
of supply. We established a model called the hydrogen supply system, which is
built using Stedin‘s criterion, see Figure 9.1. On the basis of this model we have
constructed random variables that needed to be quantified. The random variables
corresponds to the addressed risks and times a mechanic needs to solve a issue.
Next, the Classical Model for Structured Expert Judgment is used to predict the
threats to hydrogen supply security in the city of Stad aan ‘t Haringvliet. After-
wards, the results from the Classical Model for Structured Expert Judgement are
integrated in Bayesian Networks.

Figure 9.1: System for hydrogen supply.

The results from the Structured Expert Judgement research reveal that the best
estimate for how likely it is that there is not enough hydrogen in the buildings
equals 0.06839, with 90% confidence interval [0.003761, 0.5373]. Using average
data from 2013 to 2017 from the website of Netbeheer Nederland, we can con-
clude that the corresponding probability for natural gas is 0.007. There are several
reasons why the obtained probability for hydrogen is higher than that for natu-
ral gas, which have been detailed in Section 8.5. The foreseen challenges posed
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by hydrogen production are arguably the biggest contributor to the increase in
probability. However, this probability is captured in the confidence interval for
hydrogen.

When considering the event of not having enough hydrogen in the buildings
of Stad aan ‘t Haringvliet the best estimate for how long this lasts in minutes is
114 minutes, with 90% confidence interval [0.1001, 5.531E006]. Using data from
the Dutch regional grid for natural gas in 2018, we estimate that the total time
spent without natural gas in buildings in 2018 was 135 minutes and 41 seconds.
The SEJ study estimate for hydrogen and the time for natural gas in 2018 are
nearly identical.

Figure 9.2: Likelihood and impact of the riks in the hydrogen supply system

Comparing the failure rate between the components from the hydrogen sup-
ply system using the results from the SEJ research and the individual assessment
of the experts leads to the table in Figure 9.2. The table summarizes the likelihood
of the risks, obtained from experts, that have been examined. The assignations
of the impact (severity of the risk) and likelihood of risk have been detailed in
Section 6.5.2. According to Figure 9.2, the biggest treats for the hydrogen supply
system are hydrogen leakages in the distributional system and hydrogen pres-
sure drop in the transmission system.

Next, a table is illustrated in Figure 9.3, which shows for every risk from the
hydrogen supply system one or more mitigations. These mitigations could be
realized in order to improve the security of hydrogen supply in Stad aan ‘t Har-
ingvliet.

Implementing the obtained distributions from the SEJ research in the BN and
EBN researches give results for random variables H2 and H3 which are not in
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Figure 9.3: This tables shows for every risk from the hydrogen supply system one or
more mitigations.
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line with the results for the SEJ research, see Table 9.1. When conditioning on the
probabilistic nodes in the EBN, we obtained the following findings.

H2 H3
Research q5 q50 q95 q5 q50 q95
BN 0.03099 0.2339 0.8266 4.138E-3 5.006 386.2
EBN 0.02597 0.2067 0.6494 2.32E-3 3.135 259.8
SEJ 0.003761 0.06839 0.5373 0.1001 114 55310

Table 9.1: Results for H2 and H3, using the researches SEJ, BN, and EBN.

The event of having a leakage in the distribution pipeline system with high
probability (0.5432) was found to be the most problematic for hydrogen supply.
The expected probability for H2 will increase from 0.267 to 0.598. When we as-
sume that there is a lack of hydrogen supply in the buildings, we discovered that
not having the right hydrogen pressure at the compressor posed the most sig-
nificant difficulty for the duration of hydrogen shortage. The expected time rose
from 55.1 to 231 minutes.

Furthermore, after considerable deliberation, we conclude that the EBN re-
search is employed to address the thesis’s primary issues. As a result, we obtain
answers for the thesis key goals:

1. How likely is it that there is not enough hydrogen in the buildings of Stad aan ‘t
Haringvliet in the first year of realizing Stedin’s pilot, in probability?
Answer: The best estimate for this probability equals 0.2067 with 90% confidence
interval [0.02597,0.6494].

2. Consider the event of not having enough hydrogen in the buildings of Stad aan
‘t Haringvliet. How long do you expect this to last in the first year of realizing Stedin’s
pilot, in minutes?
Answer: The best estimate for for how long this will last equals 3.135 minutes
with 90% confidence interval [2.315E-3,259.8].

Comparing the results from the EBN research with the number used for nat-
ural gas in Section 6.5.1, we observe that the answers for the first question are
far from each other. The present research indicates that hydrogen supply system
has the potential to be less secure than the natural gas supply system. However,
it was evident from the calibration questions that experts were overestimating,
even when they were trying to assign low probabilities/rates to these questions,
e.g. assigning a numerical value of 0.1 instead of 10−6. They may have done the
same thing for the questions of interest. Next, for the second question, the best
estimate for hydrogen shortage equals 3.135 minutes, whereas the numbers for
the natural gas instances from Section 6.5.1 stated a significantly longer duration
of shortage. Thus it can also be argued that the present research indicates that the
hydrogen supply system has the potential to be more secure than the natural gas
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supply system.

9.2 Discussion

In this section we point out potential limitations of the hydrogen supply system,
Structured Expert Judgement study, and the Bayesian Network studies. The crit-
ical comments about the research are covered below:

• We have limited the scope of this project since the full risk account would
have been too complex. This implies that we did not account for every
conceivable risk (for hydrogen supply) as well as other factors that could
help solve problems if they arise. We also did not go into great depth about
each component because, for example, the electrolysis of hydrogen is a large
topic on its own. It would, however, be of interest to further detail compo-
nents.

• The experts’ performance-based weights, and hence the DMs’ scores, were
all quite low. The forecasts would be more trustworthy if the scores were
higher. Having access to a larger pool of experts could help improve the SEJ
results.

• Some of the calibration questions should have been phrased more clearly.
Questions having a probability close to zero, for example, were answered
with 0.1 or 0.00001. Both responses are near to zero, yet their magnitudes
are vastly different. We can achieve greater scores by letting experts know
what magnitude they are dealing with.

• The number of experts accessible for this master’s thesis was restricted. We
could have gathered more qualified experts if there had not been any prac-
tical obstacles, such as time.

• When we discussed the findings of the SEJ study with Stedin, one expert
told us that he does not expect much digging at Stad aan ’t Haringvliet
since it is regarded as a sleeping town. This crucial information was left out
of both the project description and the elicitation protocol. However, many
of the consulted experts considered excavating to be one of the greatest risks
to the hydrogen supply. As a consequence, this has an effect for the results
in the SEJ research.

• The results for the hydrogen case and the natural gas case could not be
compared appropriately, since there was no credible material available. The
data from Netbeheer Nederland [28] were not based on a sleepy small village
like Stad aan ‘t Haringvliet, but rather on the whole country.
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• While conditioning for the random variables H2 and H3, we only restricted
by fixing one random variable to a certain value. However, UNINET al-
lows the option where you can fix more random variables at the same time.
This type of analysis may provide us with additional insight into risk as-
sessment.

9.3 Future Work

Following the completion of this work, various proposals for follow-up studies
emerged. In this part, we will go through the steps that might be taken in the
future for future work.

• At the moment, the production is assumed safe, with both green energy,
storage and tube trailers assuring hydrogen at all times. This however, is
not in agreement with experts’. For future work we can start assuming that
the production side of the hydrogen supply system can pose problems and
go deeper in-depth. In this thesis we have been restrictive with the produc-
tion side.

• Next, begin by examining the sub-systems of the hydrogen supply system
in further depth. Then, by identifying additional risks and factors that
would solve issues if they arose, the model becomes more advanced and
more accurate. For example, in Section 2.2.2 it was mentioned that the re-
ceived hydrogen can be pure or impure. In this thesis we assumed that
hydrogen was pure at all cost. Thus, for the future work we can take the
quality of received hydrogen into account.

• Taking the following assumption into account in the elicitation protocol:
Stad aan ‘t Haringvliet is considered as a sleeping town and not much dig-
ging is expected.

• While performing the uncertainty analysis using Bayesian Networks, we
could fix more random variables at the same time in order to gain more in-
sights into the behaviour of the hydrogen supply network. For example,
we showed that high demand is seen as the riskiest setting for ensuring the
security of supply. An interesting insight would have been to condition on
the high demand, and then on all other ’issues’, and see which one leads to
the highest increase. A similar analysis can be performed for the low de-
mand instance.
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Appendix A
Random variables from the hydrogen
supply system

Below a table is given about the random variables to the events that are consid-
ered in each component of the hydrogen supply system, see Figure 3.1. They are
quantified as much as possible, without the use of Structured Expert Judgement
(SEJ).
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Random Variable Quantification Support
A1: Wind turbines production production ∼ Wei(0.8, 216) [0, ∞) kWh
A2: Solar panels production production ∼ Wei(0.8, 216) [0, ∞) kWh
B1: Not enough or no green hydrogen not enough capacity ∼ Ber(0.3) {0, 1}
C1: Pressure of hydrogen in the compressor wrong pressure ∼ Ber(0.0306) {0, 1}
NC1: Time of mechanic who fixes issues with
pressure of hydrogen in the compressor time ∼ FNC1 [0, ∞) hours

D1: Green hydrogen storage < 70% hydrogen stored ∼ Ber(θD1) {0, 1}
D2: Leakage in the storage leakage ∼ Ber(θD2) {0, 1}
ND2: Time of mechanic who fixes issues with
leakages time ∼ FND2 [0, ∞) hours

D3: Sensors that measure leakage in the storage
contain an error sensor error ∼ Ber(θD3) {0, 1}

ND3: Time of mechanic who fixes issues with
the sensors time ∼ FND3 [0, ∞) hours

D4: Using other types of hydrogen other types of hydrogen ∼ Ber(θD4) {0, 1}
E1: Pressure of hydrogen in the transmission
pipeline system wrong pressure ∼ Ber(θE1) {0, 1}

NE1: Time of mechanic who fixes issues with
pressure of hydrogen time ∼ FNE1 [0, ∞) hours

E2: Hydrogen leakage in the transmission
pipeline system leakage ∼ Ber(θE2) {0, 1}

NE2: Time of mechanic who fixes issues with
leakages time ∼ FNE2 [0, ∞) hours

F1: There arises a problem in mixing hydrogen
with the odorant problem ∼ Ber(θF1) {0, 1}

NF1: Time of mechanic who fixes issues with
mixing of the odorant time ∼ FNF1 [0, ∞) hours

F2: Pressure of hydrogen at the city gate station wrong pressure ∼ Ber(θF2) {0, 1}
NF2: Time of mechanic who fixes issues with
the pressure of hydrogen at the city gate station time ∼ FNF2 [0, ∞) hours

G1: Leakage in the distribution pipeline system leakage ∼ Ber(θG1) {0, 1}
NG1: Time of mechanic who fixes issues with
leakages time ∼ FNG1 [0, ∞) hours

G2: Sensors that measure leakage in the
distribution pipeline system contain an error sensor error ∼ Ber(θG2) {0, 1}

NG2: Time of mechanic who fixes issues with
the sensors time ∼ FNG2 [0, ∞) hours

G3: Pressure of hydrogen in the pipeline system
at street level wrong pressure ∼ Ber(θG3) {0, 1}

NG3: Time of mechanic who fixes issues with
the pressure of hydrogen in the pipeline system
at street level

time ∼ FNG3 [0, ∞) hours

H1: Hydrogen pressure at the buildings wrong pressure ∼ Ber(θH1) {0, 1}
NH1: Time of mechanic who fixes issues with
the pressure of hydrogen in the buildings time ∼ FNH1 [0, ∞) hours

H2: Lack of hydrogen in the buildings, in
probability lack of hydrogen ∼ FH2 [0, 1]

H3: Lack of hydrogen in the buildings, in time shortage duration ∼ FH3
[0, ∞)
minutes

Table A.1: Introducing random variables to the events that are considered in each com-
ponent of the hydrogen supply system.



Appendix B
Components of the smart gas network

In this appendix the components of the smart gas network are listed.

1. Monitor gas network

Sensors measure vibration, shredding load, gas leakage, etc. around the gas
pipe 24 hours a day;

2. Smart gas meter

Gas meter measures gas consumption and makes it digitally available;

3. Measuring in stations

Remote measurement of inlet and outlet pressure, gas quantity and gas tem-
perature;

4. Gas distribution

Measuring sensors and computer models predict the distribution and mixing
of the gas flows;

5. Dynamic pressure management

Control of the required gas pressure depending on the seasonal demand and
supply of gas;

6. Gas receiving station

Real-time data from GTS (Gasunie Transport Services) of the outlet pressure,
gas quantity, gas temperature, and gas quality;

7. Monitor gas quality

The gas quality of imported green gas is measured and monitored 24 hours
a day;

8. Station diagnostics

Periodic diagnosis of the correct operation of the control system;
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9. Cathodic protection

Remote diagnosis and monitoring of the plastic;

10. Gas for transportation

Filling stations for gas or fuel for road and water transport;

11. Storage

Storage of the produced excess capacity of green gas;

12. Energy house in the district

Co-generation and/or heat pump on natural gas for heat and electricity;

13. Inspection robot

Internal inspection of gas pipes;

14. Satellite surveillance

Measuring land settings at street and neighborhood level.



Appendix C
Company values and business model
of Stedin

Below a table is given about the company values which are used by Stedin to
form a basis for the risk analysis regarding the supply in electricity and natural
gas grids. In addition, the table also gives information about the business model
from Stedin in 2015, i.e. the risk levels for the corresponding company values are
given.
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Effectiveness
Very small Small Mediocre Big Very big

Safety Injury Almost injury Minor injury Moderate
injury Serious injury

Dead or
permanent
disability

Quality
N.o. VBM

< 100.000 VBM
E; < 4.000 VBM
G

100.000 −
1.000.000 VBM
E;
4.000 − 40.000
VBM G

1.000.000 −
10.000.000 VBM
E;
40.000− 400.000
VBM G

10.000.000 −
100.000.000
VBM E;
400.000 −
4.000.000 VBM
G

≥ 100.000.000
VBM E;
≥ 4.000.000
VBM G

Deterioration
CAIDI < 0.03 minutes 0.03 − 0.3

minutes 0.3 − 3 minutes 3 − 30 minutes ≥ 30 minutes

Unavailability
of (measurable)
data

< 0.01% 0.01 − 0.1% 0.1 − 1% 1 − 10% 10 − 100%

Financial
performance

Damage
(physical and
financial)

< 10.000 euro 10.000− 100.000
euro

100.000 −
1.000.000 euro

1.000.000 −
10.000.000 euro

≥ 10.000.000
euro

Laws and
regulations

Findings of
regulator

Questions from
a supervisor

Possible finding
by a regulator

Findings by a
regulator

Finding that
there is a threat
of a sanction by
the regulator

Severe sanction
from a
regulator

Customer and stakeholder

Worst served
customer

2 interruptions
per year

3 interruptions
per year

4 interruptions
per year

5 interruptions
per year

≥ 6
interruptions
per year

Customer and
stakeholder Commotion

Handling of
uncontrollable
event within
Stedin

Local handling
of
uncontrollable
event

Regional
treatment of
uncontrollable
event

National
and/or political
handling of an
uncontrollable
event

International
handling of
uncontrollable
event

Social damage < 10.000 euro 10.000− 100.000
euro

100.000 −
1.000.000 euro

1.000.000 −
10.000.000 euro

≥ 10.000.000
euro

Gas evacuation
hours < 10 hours 10 − 100 hours 100 − 1.000

hours
1.000 − 10.000
hours ≥ 10.000 hours

Durability Emission CO2 < 500 ton 500 − 5.000 ton 5.000 − 50.000
ton

50.000− 500.000
ton ≥ 500.000 ton

N.o. customers
that cannot
participate in
the energy
transition in
time

< 100
customers

100 − 1.000
customers

1.000 − 10.000
customers

10.000− 100.000
customers

≥ 100.000
customers

Unlikely, has
occurred in industry

Effect of < 0.01
per year Low Low Low Mediocre High

Possible, has
occurred in Stedin

Effect of 0.01 to
0.1 per year Low Low Mediocre High Severely high

Probably, has
occurred multiple
times in Stedin

Effect of 0.1 to 1
per year Low Mediocre High Severely high Extra high

Annually, occurs
once/several times
in a year in Stedin

Effect of 1 to 10
per year Mediocre High Severely high Extra high Extra high

Monthly, occurs at
least once in a month
in Stedin

Effect of > 10
per year High Severely high Extra high Extra high Extra high

Table C.1: Part I (grey): Company values, Part II (cyan): the Stedin business model 2015.
Risk levels: from Low to Extra high. Acceptance boundary: Low: do not fix; Mediocre,
High, Severely high: Risk-reduction per euro; Extra High: Fix it immediately [53].



Appendix D
Experts’ results

Below a range graph of each question is given. The performance of each expert
and the decision makers EWDM and PWDM is given per calibration question
and question of interest. ‘Item name: Q1’ up to ‘Item name: Q11’ are the results
of the calibration questions. Next the questions of interest follow.

Range graph of input data

Item no.: 1 Item name: Q1 Scale: UNI

Experts

1 [-*-----]

2 [---------*------------------]

3 [---------*------------------------------------]

EWDM [=================*=================================================]

PWDM [=========*==================]

Real:::::::::::::::::::::::::::::#:::::::::::::::::::::::::::::::::::::::::::::

16

0,5 40

Item no.: 2 Item name: Q2 Scale: UNI

Experts

1 [---------------*----------------]

2 [-------*---------------]

3 [------------------------*----------------------------------------]

EWDM [===================*===============================================]

PWDM [=======*================]

Real::::::::#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

1,98

1 10

Item no.: 3 Item name: Q3 Scale: UNI

Experts

1 [------------*-------------]

2 [-------------*-----------------------------------------------------------]
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3 [---*-------]

EWDM [===========*===================================================]

PWDM [=============*===========================================================]

Real::::::#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

4,6

0,5 50

Item no.: 5 Item name: Q5 Scale: UNI

Experts

1 [--*-----------------]

2 [-----*-------------------------------------------------------------------]

3 [-------*------]

EWDM [==================*==============================================]

PWDM [=====*===================================================================]

Real::::::::::::::::::::::::::::::::::::::::#::::::::::::::::::::::::::::::::::

5,49

0,1 10

Item no.: 1 Item name: Q1 Scale: UNI

Experts

4 [--------------*-------]

5 [----------*----------]

6 [-*-]

7 [------------------------------------*------------------------------------]

8 [-----------------*-------]

9 [--------*----------]

EWDM [===================*==================================]

PWDM [=============*======================================]

Real:::::::::::::::#:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

34,1

30 50

Item no.: 2 Item name: Q2 Scale: UNI

Experts

4 [-----------*--------]

5 [-----------*-----------------------------------------------]

6 [--*--]

7 [-----------*-----------]

8 [--*-----]

9 [-------*---------------------]

EWDM [================*================================]

PWDM [=============*============================================]

Real#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

75

75 200
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Item no.: 3 Item name: Q3 Scale: UNI

Experts

4 [-*-]

5 [---*-----------------------------------------------------------------]

6 [-------*----]

7 [---*---]

8 [*]

9 [-*]

EWDM [======*============================================]

PWDM [=========*==========================================================]

Real#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

26

26 400

Item no.: 4 Item name: Q4 Scale: UNI

Experts

4 [--------*-------]

5 [----------------*----------------]

6 [--------------------------------*----------------------------------------]

7 [-------*-------]

8 [---*---]

9 [---*---]

EWDM [=====================*===============================]

PWDM [================*===============]

Real:::::::::::::::::::::::::::::::::::::::::#:::::::::::::::::::::::::::::::::

0,006

0,001 0,01

Item no.: 1 Item name: Q5 Scale: UNI

Experts

1 [----------------*-----------------------------------]

2 [-------------------------------*----------------]

3 [-------------------*----------------]

4 [----------------*--------------]

5 [----*----]

6 [------*------]

7 [-----------*-----------]

8 [-*-------]

9 [-*---------]

PWDM [====*==============================]

EWDM [=================*======================================]

Real::::::::::::::::::::::::#::::::::::::::::::::::::::::::::::::::::::::::::::

11

1 32
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Item no.: 2 Item name: Q6 Scale: LOG

Experts

1 [------*--]

2 [---------*---------]

3 [-------------*--]

4 [------*--]

5 [*--]

6 []

7 [---------*--]

8 [---------*---------]

9 [----*-]

PWDM [==========*===============]

EWDM [====================*=====================================]

Real#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

5,4E-007

5,4E-007 12

Item no.: 3 Item name: Q7 Scale: LOG

Experts

1 [--*---]

2 [----------*----------]

3 [--*--]

4 [----------*--]

5 [---*-----]

6 [------*]

7 [----------*--]

8 []

9 [----*-]

PWDM [*===================================]

EWDM [============================*==========================================]

Real::::::::::#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

4,1E-005

5E-006 30

Item no.: 4 Item name: Q8 Scale: LOG

Experts

1 [--------------------*----------]

2 [----------*---------]

3 [--*--]

4 [--*----]

5 [--*-----]

6 [-----------------*-------------]

7 [----------*--]

8 [----------*--------------------]

9 [------*]

PWDM [===========*================================]
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EWDM [=========================================*==================]

Real::::::::::::::::::#::::::::::::::::::::::::::::::::::::::::::::::::::::::::

5,5E-007

1E-008 0,1

Item no.: 5 Item name: Q9 Scale: UNI

Experts

1 |

2 *]

3 |

4 |

5 |

6 [---*------------------------------------------------------------------]

7 |

8 *]

9 |

PWDM *]

EWDM *==========================================]

Real#::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

34

1 1E005

Item no.: 6 Item name: Q10 Scale: UNI

Experts

1 [-]

2 [--*---------]

3 [------*---------------]

4 []

5 [--*------------------------------------------------------------]

6 [--------*--]

7 *]

8 [------------*------------------------------------------------------------]

9 [*-]

PWDM [===========*=============================================================]

EWDM [==*=======================================================]

Real:::#:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

3

1 50

Item no.: 7 Item name: Q11 Scale: LOG

Experts

1 [------*-]

2 [---------*-------------------]

3 [--*---]

4 [------*--]

5 [------------*------]
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6 [--*----]

7 [-------*--]

8 [---------*--]

9 [--*-]

PWDM [=========*=============================================]

EWDM [==================================================*==================]

Real::::::::::::::::::::#::::::::::::::::::::::::::::::::::::::::::::::::::::::

5E-005

5E-007 10

Item no.: 8 Item name: Q12 Scale: UNI

Experts

1 [--*]

2 [--*------------------------------------------------]

3 [*----------]

4 [-----------*------------]

5 [-------------------------------------------------------*-----------]

6 [------------------*-----------]

7 [----*-]

8 [-----*-----]

9 [-*--]

PWDM [========*====================]

EWDM [=======*==========================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001 0,6

Item no.: 9 Item name: Q13 Scale: UNI

Experts

1 |

2 |

3 *-------------------------------------------------------------------------]

4 |

5 |

6 |

7 |

8 |

9 |

PWDM *]

EWDM *========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,1 1E007

Item no.: 10 Item name: Q14 Scale: UNI

Experts

1 |

2 [*]
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3 [--------------------*--------------------------------]

4 [----------------*------------------------]

5 [---*---]

6 [-------*----------------]

7 [---------------*--------------------]

8 [--------------------*-----------]

9 [---------------*---]

PWDM [==================================================*=============]

EWDM [==========================*======================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-005 0,9

Item no.: 11 Item name: Q15 Scale: UNI

Experts

1 [------*------]

2 *---]

3 [-*-------------------]

4 [-------------------*-------------------]

5 *-]

6 [--------------*----]

7 [------------------------*------------------------]

8 [------------------------*------------------------]

9 [-*-]

PWDM [=============================================*==========================]

EWDM [============*=====================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,0001 0,15

Item no.: 12 Item name: Q16 Scale: UNI

Experts

1 |

2 [--------------*------------------]

3 |

5

4 |

6 |

7 |

8 [---------------------------------*------------------------------------]

9 |

PWDM [=================================*=======================================]

EWDM *=======================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,01 2E005

Item no.: 13 Item name: Q17 Scale: UNI

Experts
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1 |

2 |

3 |

4 |

5 |

6 [--------------*------------------]

7 [--*--------------]

8

9 [---------------------------------*------------------------------------]

PWDM [=================================*=======================================]

EWDM *=======================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,01 2E005

Item no.: 14 Item name: Q18 Scale: UNI

Experts

1 *------]

2 [*-------------]

3 |

4 [-----------------------------*------------------------------------]

5 [*----------------]

6 [-*]

7 |

8 |

9 [--*---]

PWDM *===============]

EWDM [=*===================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-007 0,1

Item no.: 15 Item name: Q19 Scale: UNI

Experts

1 *------]

2 [------*------------------------------------------------------------------]

3 *------]

4 [------*------]

5 [*----------------]

6 [-*]

7 |

8 *------]

9 [--*---]

PWDM [*=============================]

EWDM [=*==========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-005 0,1
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Item no.: 16 Item name: Q20 Scale: UNI

Experts

1 [----*---]

2 |

3 [----*--------]

4 *]

5 [----*-------------------------------------------------]

6 [--*]

7 |

8 |

9 |

PWDM *========]

EWDM [*===============================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-006 0,822

Item no.: 17 Item name: Q21 Scale: UNI

Experts

1 [-*-]

2 [-----*-----------------------------------------]

3 [------------------*----------------------]

4 [----------------------*------]

5 *]

6 [---*---]

7 [-------------------------------------*-------------]

8

9 []

PWDM [=====*=============================================]

EWDM [=======*==========================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,005 0,99

Item no.: 18 Item name: Q22 Scale: UNI

Experts

1 [-*]

2 *---]

3 [---*-------]

4 [-------*------]

5 |

6 [*]

7 [------------------*-----------------]

8

9 [*]

PWDM [*===========================]

EWDM [=*=============================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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0,0005 0,99

Item no.: 19 Item name: Q23 Scale: UNI

Experts

1 [----*--------------]

2 *--]

3 [------------------*------------------------------------]

4 [--------------*------------------]

5 |

6 [---*---]

7 |

8

9 [-*---]

PWDM [=*=========================================================]

EWDM [====*=========================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-006 0,2

Item no.: 20 Item name: Q24 Scale: UNI

Experts

1 [-------*-----]

2 |

3 *------]

4 [-----------------------------*------------------------------------]

5 |

6 [*]

7 |

8

9 [---*-------]

PWDM *========================]

EWDM [*======================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-017 0,1

Item no.: 21 Item name: Q25 Scale: UNI

Experts

1 [------------------------*------------------------]

2 [--------*-----------------------------------]

3 [----------------------*----------------------]

4 [---*----]

5 |

6 |

7 |

8

9 |

PWDM [=======*=========================================================]
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EWDM [*===============================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,0001 0,82

Item no.: 22 Item name: Q26 Scale: UNI

Experts

1 [-*]

2 [------------*-----------------------------------------------------------]

3 [--*---------]

4 [*]

5 |

6 |

7 |

8

9 *]

PWDM [=====*================================================================]

EWDM *===============================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-006 0,5

Item no.: 23 Item name: Q27 Scale: UNI

Experts

1 [---------------------------------------*------------------------]

2 *------------------------------------------------]

3 [---*------------]

4 [*]

5 |

6 |

7 |

8

9 *]

PWDM [*================================================================]

EWDM *============================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

1E-006 0,41

Item no.: 24 Item name: Q28 Scale: UNI

Experts

1 *]

2 |

3 *-]

4 [----*--------]

5 |

6 *---------------------------------]

7 [-----------*-------------------------------------------------------------]

8
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9 |

PWDM *================]

EWDM *================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 720

Item no.: 25 Item name: Q29 Scale: UNI

Experts

1 |

2 *-------------------------------------------------------------------------]

3 [*]

4 *]

5 |

6 *]

7 |

8 |

9 |

PWDM *==========================]

EWDM *========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,25 1E004

Item no.: 26 Item name: Q30 Scale: UNI

Experts

1 |

2 *]

3 |

4 [---*-----]

5 |

6 |

7 *-------------------------------------------------------------------------]

8 |

9 |

PWDM *===]

EWDM *=========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 1008

Item no.: 27 Item name: Q31 Scale: UNI

Experts

1 [-*-]

2 [*-------]

3 [--------------------*---------------------------------------------------]

4 [-*-]

5 [---*----]

6 [-*---]
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7 [---------*----------]

8 *]

9 *]

PWDM *========]

EWDM [==*=============================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 168

Item no.: 28 Item name: Q32 Scale: UNI

Experts

1 [----------*-----------------------------------------]

2 [--*-----------------------]

3 [---*----]

4 [--*----]

5 [---------------*-------------------------------]

6 [----*----------]

7 [-------------------------------*-------------------------------]

8 [*--------------------------]

9 *]

PWDM [====*===============================]

EWDM [========*===================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 56

Item no.: 29 Item name: Q33 Scale: UNI

Experts

1 [------------------*------------------------------------]

2 [---*-]

3 [-------------*------------------]

4 [------------------*------------------]

5 [----*--------]

6 [--*--------------------------------]

7 [--------*------------------]

8 [----*-------------------------------------]

9 [*--]

PWDM [===============*=====================================]

EWDM [==============*===========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,0833 16

Item no.: 30 Item name: Q34 Scale: UNI

Experts

1 |

2 |

3 [------------------*------------------------------------]

4 |
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5 |

6 *]

7 *]

8 |

9 |

PWDM *=]

EWDM *====================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 2000

Item no.: 31 Item name: Q35 Scale: UNI

Experts

1 [---------*------------------]

2 [----------------------*----------------------------]

3 [---*---------]

4 [-*-]

5 [------*---------]

6 [------------------*------------------------------------]

7 [------*---------]

8 [--------------------*----------------------------]

9 *]

PWDM [========================*============================]

EWDM [===========*=============================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,25 32

Item no.: 32 Item name: Q36 Scale: UNI

Experts

1 |

2 |

3 |

4 [*-]

5 |

6 |

7 *-------------------------------------------------------------------------]

8 |

9 |

PWDM *=]

EWDM *========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,001389 1008

Item no.: 33 Item name: Q37 Scale: UNI

Experts

1 [------------------*------------------------------------]

2 [---*----]



139

3 [--------*---------]

4 [-*----]

5 [-*----]

6 [-*----]

7 [------*--------]

8 [---------------------*---------------------------]

9 [-*---]

PWDM [========================*=============================]

EWDM [======*================================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,0833 32

Item no.: 34 Item name: Q38 Scale: UNI

Experts

1 [------------------*-------------------------------------]

2 [----*------------------]

3 [------------------*------------------]

4 [--------*------------------]

5 [------------------*------------------]

6 [--*-]

7 [-------------*------------------]

8 [--------*-------------------------------------]

9 [*------]

PWDM [============*======================================]

EWDM [================*=========================================]

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

0,25 16





Appendix E
Elicitation Protocol

In this project we use an elicitation protocol that consists of four parts. In the first
part a description of the pilot is given to the experts. The second part is based on
the paper ‘Procedures Guide for Structural Expert Judgement in Accident Con-
sequence Modelling’. The third part describes the assumptions that are made in
order to answer the questions. The last part was given in a word document to
the experts where all the questions are shown. For the sake of completeness, the
questions are also given in this appendix.

E.1 Pilot description

In this thesis we are considering a pilot from Stedin, which concerns providing
the city Stad aan ‘t Haringvliet with hydrogen instead of natural gas for the same
heating purposes. Switching from natural gas to hydrogen involves numerous
sources of uncertainty, which need to be appropriately quantified for an accurate
overall risk picture. Therefore the scope of this thesis is quantifying security risks
of supplying with 100% hydrogen in built-environment.

In Figure E.1 the project of Stedin is given in the form of events, which we
discuss now. In order to produce hydrogen by electrolysis, green electricity is
needed. Green electricity can be obtained with the help of wind turbines and
solar panels. Then the process of electrolysis can start where water molecules are
split into hydrogen and oxygen gas. Excessive amount of hydrogen can be stored
in tanks at pressures of 80 bar, which is first compressed by the compressor from
30-35 bar. Next, the produced hydrogen is transferred in a pipeline system that
operates at 80 bar to 40 bar in the Island of Goeree Overflakkee. A pipeline from
this island brings the required hydrogen to Stad aan ‘t Haringvliet. This pipeline
needs to pass through the city gate station first, where the pressure is reduced to 8
bar and then to 100 millibar on street level. All the other pipeline networks which
are connected with Stad aan ‘t Haringvliet are disconnected. After the pipeline
with hydrogen passes through the city gate station, the distribution of hydrogen
through the pipeline system starts. The hydrogen flows through the system to
the households.

Version of April 11, 2022– Created April 11, 2022 - 21:03
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Figure E.1: System for hydrogen supply.

A more systematic diagram can be given of this system for hydrogen supply,
which gives insight into the problems that can occur and the respective conse-
quences, see Figure E.2. Each green component, which is marked with a number
and sometimes followed by an letter ‘A’ corresponds with a component in the
system of hydrogen supply, see Figure E.1. In order to obtain a sufficient amount
of hydrogen in the buildings (number 7), there should not occur any problems in
the processes denoted by number 4A, 5A, and 6A. When there is no green electric-
ity production or the process of electrolysis is disturbed for some time, it results
in not producing green hydrogen in that time period. We can solve this problem
by using hydrogen from the storage or even other types of hydrogen from tube
trailers. When problems occur with the compression of green hydrogen, the pro-
duced green hydrogen cannot be used to supply the building from hydrogen. In
order to still obtain a sufficient amount of hydrogen in the buildings, green hy-
drogen from the storage can be used in this time period, if there is enough green
hydrogen stored. If there is not enough green hydrogen stored, other types of
hydrogen can be used to supply the buildings of hydrogen.

E.1.1 Assumptions

In this project some assumptions have been made for the event sequence diagram
given in Figure E.2.

1. In the influence diagram, we have the following steps for hydrogen produc-
tion/supply before entering the transmission network:

i) using green electricity from the network and electrolyser to produce
hydrogen;

ii) if no green electricity is available, we use hydrogen from the storage;

iii) if there is not enough hydrogen in the storage or there is an issue
with the storage, then we buy hydrogen from external sources (e.g, tube
trailers);

iv) hydrogen enters the transmission grid.

This means that we always have hydrogen entering the transmission grid
(as shown in the diagram). This implies that any issues related to the elec-
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trolyser or compressor will not influence hydrogen supply at the buildings
and we do not need to include them in the risk model;

2. The first component in Figure E.2 is not only about pure green electricity,
i.e. electricity produced by renewable resources, but also electricity that has
a green certificate;

3. At the start, the electrolysis will be connected to the electricity grid and not
directly to a sun or wind farm. Here we consider all the energy on the Is-
land of Goeree Overflakkee and this one is about 70% sustainable per year.
It is expected that more sustainable capacity will be added to the island in
the near future, so that the share will increase more. The Goeree Overflak-
kee area produces much more sustainable energy (sun and wind) than it
consumes. In this project we consider therefore wind turbines that produce
hydrogen directly and electrolyser linked to the E-grid (or directly linked to
a solar park);

4. Enough green electricity means that we have an amount of green electricity
such that we do not have to use hydrogen from the storage;

5. Enough green hydrogen capacity means that we have an amount of green
hydrogen such that we do not have to use other types of hydrogen. Other
types of hydrogen are e.g. black hydrogen, grey hydrogen, blue hydrogen,
yellow hydrogen etc. Hydrogen of these types are not produced using elec-
tricity generated from renewables. In emergency situations we are going to
tap another power. For example, hydrogen that comes from industry. This
happens about once every 10 years;

6. An average household consumes 1.300m3 natural gas per year, where roughly
80% of the gas is used for heating up the home, 18% for hot water and 2%
for cooking (furnace). Together with the fact that around 600 houses in Stad
aan ‘t Haringvliet consume 780.000m3 natural gas per year. This means that
we need around 2.340.000m3 of hydrogen for the same amount of energy.
Based on the estimates from a literature, we assume that 1kg (or 11.1m3) of
hydrogen requires 54.3 kWh of electricity to produce it via electrolysis. This
means that the electricity demand to generate the hydrogen demand equals

2.340.000
11.1

× 54.3 GWh ≈ 11.5 GWh

approximately per year;

7. Problems with compressing hydrogen means that the compressor machine
fails to compress the hydrogen at 30-50 bar to 80 bar;
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8. The hydrogen storage should contain at least 70% of the storage capacity.
Any percentage less than 70% corresponds the event of not having enough
hydrogen stored;

9. A pressure failure means that the hydrogen does not have the required pres-
sure value in that stage of the system, but a value below the required thresh-
old. (The pressure value of hydrogen can only drop after compressing hy-
drogen);

10. A hydrogen leakage in the pipeline system can occur when there are holes
in the pipeline. Both large holes (i.e. 1

3 diameter of the pipeline) and holes
smaller than < 5 mm diameter cause leakage. Furthermore, a leakage can
also be caused by rupture and brittle material of the pipeline;

11. The pipelines in which hydrogen is transported consist of steel pipelines
with a diameter of 200mm. In the distribution part where there is high
pressure, steel and PE is used for the pipelines. PVC, PE, and copper are
used for the low pressure in the distribution section. In the households we
are dealing with pipes made of steel. The diameters vary from 15 to 200mm;

12. It is possible that when hydrogen is mixed with the odorant, that this does
not go well. A small amount of odorant can be added in proportion to the
hydrogen volume. When a leak occurs, the odorant is barely smelled and
this can have problematic consequences;

13. A lack of hydrogen in the buildings means that the heating purposes in the
buildings are not achieved. The compressing stage is thus not working.

E.2 Protocol

Structured expert judgment is an accepted tool in risk analysis for supplementing
data shortfalls, quantifying uncertainty and building rational consensus. Switch-
ing from natural gas to hydrogen involves numerous sources of uncertainty, which
needs to be appropriately quantified for an accurate overall risk picture. With this
respect, the lack of (appropriate) data makes the endeavour even more challeng-
ing. In these circumstances, expert opinion remains the only reliable knowledge
source to quantify uncertainties. A panel of experts quantify uncertainty with re-
gard to variables of interest and calibration variables from the subject area. Elic-
itation is done by specifying percentiles of uncertain quantities, as illustrated be-
low.
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Figure E.2: Systematic event influence diagram for hydrogen supply.

Elicitation Format:
You are presented with an uncertain quantity:
“What is the gas consumption per hour in Stad aan ‘t Haringvliet, in m3/h, at
temperature -12 °C”
5% : ... 50% : ... 95% : ...

You are asked to quantify your uncertainty by specifying percentiles of your
subjective uncertainty:

• The 50%-tile is that number for which you judge the chance half that the
true value is above or below.

• The 5%-tile is that number for which the chance that the true value is below
0.05 and the chance that the true value is above 0.95.

• The 95% -tile is that number for which the chance that the true value is
below 0.95, and the chance that the true value is above 0.05.

We always have 5%-tile < 50%-tile < 95%-tile.

Suppose you respond as: 5% : 2000, 50% : 2500, 95% : 3000. Then this means
that, in expert opinion, the true value is equally likely to be above or below 2500;
there is a 90% chance that it lies between 2000 en 3000.

A good probability assessor is one whose assessments capture the true values
with the long run correct relative frequencies (statistically accurate), with distri-
butions that are as narrow as possible (informative). Informativeness is gauged
by ‘how far apart the percentiles are’ relative to an appropriate background.

In gauging overall performance, statistical accuracy is more important than
informativeness. Non-informative but statistically accurate assessments are use-
ful, as they sensitize us to how large the uncertainties may be; highly informative
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but statistically very inaccurate assessments are not useful. Do not shy away from
wide distributions if that reflects your real uncertainty.

If you have little knowledge about an item, this fact by itself does not disqual-
ify you as an uncertainty assessor. Knowing little means that your percentiles
should be ’far apart’. If other experts are more informative, without sacrificing
accuracy, then they will exert more influence on the decision maker. But if there
are no statistically accurate experts with more informative assessments, then the
uninformative assessments accurately depict the uncertainty. That in itself is very
important information.

E.2.1 Set 1: Calibration questions

1. What percentage of Europe’s electricity is currently given by wind energy, ac-
cording to Wind Europe?

2. According to Wind Europe, Europe installed 14.7 GW of new wind capac-
ity in 2020. The Netherlands installed the most wind power capacity. How much
was that (in GW)?

3. Global Market Outlook for solar power 2021-2025 is a report by Solar Power
Europe. What is the total volume (in GW) the Dutch solar market is expected to
reach by 2025?

4. What was the percentage of renewables from the Netherlands’ total energy
mix in 2020?

5. The study by Khan, Al-Shankiti and Idriss (2021) reports a 28% efficiency
of green hydrogen production using solar energy, based on an analysis designed
for a plant in Saudi Arabia, which is assumed to operate around 9 hours per day
without grid support. What is the hydrogen production rate (ton per h)?

6. A study by Casamirra, Catiglia and Lombardo (2009) investigated the safety
of a hydrogen refuelling station by quantifying the occurrence frequency of cer-
tain accidental scenarios. A hydrogen power park, to be realized in California
was used as the reference plant. What is the frequency of the event ’storage ves-
sel overpressure’, resulted from the analysis for the plant working during one
year without a maintenance?

7. A 2008 report prepared by the ’Health and Safety Laboratory’ in UK details
the failure rates for underground gas storage. Data on eight European companies
was collected, that owned 42 sites in total, which corresponds to 845 wells. Oper-
ating experience was estimated for these 42 sites and calculated to be 100,155 well
years. According to this report, what was the rate for well failure, in salt caverns
in Europe, per well year?
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An RIVM report from 2011, regarding on-site natural gas onshore, above ground
and high-pressured piping reports scenarios and failure frequencies.

8. Data on Dutch natural gas industry, supplied by Gasunie, NAM, TAQA
and Vermilion was used to compute failure frequencies. What was the average
failure frequency for flange connections based on Dutch industry data?

9. According to the same report, how many incidents with flange leakages
have been reported by Gasunie in the previous 12 years?

The NREL report ’Blending hydrogen into natural gas pipeline network: a
review of key issues’, from 2013 investigated key issues related to blending hy-
drogen into natural gas pipeline network.

10. Leakage measurements for steel and ductile iron gas distribution systems
(including seals and joints) suggest an increase in leakage volume of hydrogen
when compared to natural gas. What is the factor by which the volume leakage
rate for hydrogen is higher than that for natural gas?

11. The report mentions a calculation for the Dutch pipeline system from 2003,
which considers a 17% hydrogen blend. What is the predicted gas leakage rate?

E.2.2 Set 2: Calibration Question

1. Natural gas consumption in The Netherlands was 36.6 billion cubic meters
(bcm) in 2015. What was the consumption (in bcm) in 2020?

2. Stedin aims to improve supply (e.g., natural gas) security by taking initia-
tives aimed at reducing downtime and at preventing interruptions. According
to its 2020 annual report, the average duration of interruption in gas supply in
2018was 122 minutes. What was the average duration of interruption in gas sup-
ply in 2020, in minutes?

3. According to the same annual report of question 2, the annual average
downtime in gas supply in 2018 was 69 seconds.What was the annual average
downtime in gas supply, in seconds, in 2020?

4. Stedin also reports the System Average Interruption Frequency Index (SAIFI),
which is defined as the average numberof unforeseen interruptions with which
customers are faced on an annual basis. In 2019, this index was 0.005. What
wasthe index in 2020?

5. What was the percentage of renewables from the Netherlands’ total energy
mix in 2020?
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6. A study by Casamirra, Catiglia and Lombardo (2009) investigated the safety
of a hydrogen refuelling station by quantifying the occurrence frequency of cer-
tain accidental scenarios. A hydrogen power park, to be realized in California
was used as the reference plant. What is the frequency of the event ’storage ves-
sel overpressure’, resulted from the analysis for the plant working during one
year without a maintenance?

7. A 2008 report prepared by the ’Health and Safety Laboratory’ in UK details
the failure rates for underground gas storage. Data on eight European companies
was collected, that owned 42 sites in total, which corresponds to 845 wells. Oper-
ating experience was estimated for these 42 sites and calculated to be 100,155 well
years. According to this report, what was the rate for well failure, in salt caverns
in Europe, per well year?

An RIVM report from 2011, regarding on-site natural gas onshore, above ground
and high-pressured piping reports scenarios and failure frequencies.

8. Data on Dutch natural gas industry, supplied by Gasunie, NAM, TAQA
and Vermilion was used to compute failure frequencies. What was the average
failure frequency for flange connections based on Dutch industry data?

9. According to the same report, how many incidents with flange leakages
have been reported by Gasunie in the previous 12 years?

The NREL report ’Blending hydrogen into natural gas pipeline network: a
review of key issues’, from 2013 investigated key issues related to blending hy-
drogen into natural gas pipeline network.

10. Leakage measurements for steel and ductile iron gas distribution systems
(including seals and joints) suggest an increase in leakage volume of hydrogen
when compared to natural gas. What is the factor by which the volume leakage
rate for hydrogen is higher than that for natural gas?

11. The report mentions a calculation for the Dutch pipeline system from 2003,
which considers a 17% hydrogen blend. What is the predicted gas leakage rate?

E.2.3 Questions of Interest

1. How likely is it that there is not enough hydrogen in the buildings, in proba-
bility?

2. Consider the event of not having enough hydrogen in the buildings. How
long do you expect this to last, in minutes?
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3. How likely is it that the hydrogen storage contains less than 70% of the
storage capacity, in probability?

4. How likely is it that the amount of odorant added to the hydrogen is insuf-
ficient, i.e., enough for a leakage not to be detected, in probability?

5. Consider 1,000,000 leakages incidents in the storage. How many times
does the sensor that measures leakage in the storage contain an error (so the sen-
sor does not report the leakage, or the sensor does report a leakage when it does
not occur)?

6. Suppose there are 1,000,000 leakages incidents in the distribution pipeline
system. How many times does the sensor that measures leakage in the distribu-
tion pipeline system contain an error (so the sensor does not report the leakage,
or the sensor does report a leakage and it is not the case)?

7. How likely is it that there is a hydrogen leakage in the storage, in probabil-
ity?

8. How likely is it that there is a hydrogen leakage in the transmission pipeline
system, in probability?

9. How likely is it that there is a hydrogen leakage in the distribution pipeline
system, in probability?

10. How likely is it that hydrogen pressure in the transmission part will be
lower than 40 bar, in probability?

11. How likely is it that the hydrogen pressure in the transmission part will
be lower than 8 bar, in probability?

12. How likely is it that the hydrogen pressure at the city gate station will be
lower than 8 bar, in probability?

13. How likely is it that the hydrogen pressure at the city gate station will be
lower than 100 millibar, in probability?

14. How likely is it that the hydrogen pressure at street level will be lower
than 100 millibar, in probability?

15. How likely is it that the hydrogen pressure at street level will be lower
than 25 millibar, in probability?

16. How likely is it that the hydrogen pressure in the buildings will be lower
than 25 millibar, in probability?
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17. Suppose the compressor machine fails to compress the hydrogen to 80
bars. How long do you expect it will take a mechanic to fix this issue, in hours?

18. Assuming there is a detected hydrogen leakage in the storage, how long
will it take a mechanic to fix the issue, in hours?

19. Assume a sensor that measures leakage in the storage contains an error,
how long do you expect it will take a mechanic to fix the issue, in hours?

20. Assume there is a hydrogen pressure drop in the transmission pipeline
system that can lead to a lack of supply. How long do you expect it will take a
mechanic to fix this issue, in hours?

21. Assuming there is a hydrogen leakage in the transmission pipeline sys-
tem, how long do you expect it will take a mechanic to fix this issue, in hours?

22. Assuming there arises a problem with mixing hydrogen with the odorant,
how long do you expect it will take a mechanic to fix this issue, in hours?

23. Assuming there is a hydrogen pressure failure at the city gate station, how
long do you expect it will take a mechanic to fix this issue, in hours?

24. Assuming there is a hydrogen leakage in the distribution pipeline system,
how long do you expect it will take a mechanic to fix this issue, in hours?

25. Assume a sensor that measures leakage in the distribution pipeline system
contains an error, how long do you expect it will take a mechanic to fix the issue,
in hours?

26. Assuming that there is hydrogen pressure failure in the pipeline system at
street level, how long do you expect it will take for mechanic to fix this issue, in
hours?

27. Assuming there is a hydrogen pressure failure in the buildings, how long
do you expect it will take for mechanic to fix this issue, in hours?



Appendix F
Sources for the calibration questions

Several sources were used to construct the calibration questions. In this appendix
we give the true values of the calibration questions.

The first two calibration questions from the first set are constructed with the
help of Wind Europe [54].

1. What percentage of Europe’s electricity is currently given by wind en-
ergy, according to Wind Europe?
Answer: 16%.

2. According to Wind Europe, Europe installed 14.7 GW of new wind ca-
pacity in 2020. The Netherlands installed the most wind power capacity. How
much was that (in GW)?
Answer: 1.98 GW.

The third question from set 1 and fourth/fifth questions from set 1/2 are con-
structed by using the report Global Market Outlook for Solar Power [55].

3. Global Market Outlook for solar power 2021-2025 is a report by Solar
Power Europe. What is the total volume (in GW) the Dutch solar market is ex-
pected to reach by 2025?
Answer: 4.6 GW.

4/5. What was the percentage of renewables from the Netherlands’ total en-
ergy mix in 2020?
Answer: 11%.

The fifth question from set 1 has been constructed by using data from the
study ‘Demonstration of green hydrogen production using solar energy at 28%
efficiency and evaluation of its economic viability’ [56].

5. The study by Khan, Al-Shankiti and Idriss (2021) reports a 28% efficiency
of green hydrogen production using solar energy, based on an analysis de-
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signed for a plant in Saudi Arabia, which is assumed to operate around 9 hours
per day without grid support. What is the hydrogen production rate (ton per
h)?
Answer: 5.49 ton per hour.

For the first question in set 2, a bar diagram about ‘Natural gas consumption
in the Netherlands from 2005 to 2020’ in billion cubic meterwas used [57].

1. Natural gas consumption in The Netherlands was 36.6 billion cubic me-
ters (bcm) in 2015. What was the consumption (in bcm) in 2020?
Answer: 34.1 bcm.

Question 2 and 3 from the second set are constructed by using an annual re-
port from Stedin from 2020 [29].

2. Stedin aims to improve supply (e.g., natural gas) security by taking initia-
tives aimed at reducing downtime and at preventing interruptions. According
to its 2020 annual report, the average duration of interruption in gas supply in
2018 was 122 minutes. What was the average duration of interruption in gas
supply in 2020, in minutes?
Answer: 75 minutes.

3. According to the same annual report of question 2, the annual average
downtime in gas supply in 2018 was 69 seconds.What was the annual average
downtime in gas supply, in seconds, in 2020?
Answer: 26 seconds.

An extract annual report from Stedin from 2020 has been used to construct the
fourth question in set 2, see [58].

4. Stedin also reports the System Average Interruption Frequency Index
(SAIFI), which is defined as the average number of unforeseen interruptions
with which customers are faced on an annual basis. In 2019, this index was
0.005. What was the index in 2020?
Answer: 0.006

The sixth question has been constructed by using data from the study ‘Safety
studies of a hydrogen refuelling station: Determination of the occurrence fre-
quency of the accidental scenarios’ [18].

6. A study by Casamirra, Catiglia and Lombardo (2009) investigated the
safety of a hydrogen refuelling station by quantifying the occurrence frequency
of certain accidental scenarios. A hydrogen power park, to be realized in Cal-
ifornia was used as the reference plant. What is the frequency of the event
’storage vessel over-pressure’, resulted from the analysis for the plant working
during one year without a maintenance?
Answer: 5.4 × 10−7.
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The seventh question has been constructed by using data from the report ‘Fail-
ure rates for underground gas storage’, see [59].

7. A 2008 report prepared by the ’Health and Safety Laboratory’ in UK de-
tails the failure rates for underground gas storage. Data on eight European
companies was collected, that owned 42 sites in total, which corresponds to
845 wells. Operating experience was estimated for these 42 sites and calcu-
lated to be 100,155 well years. According to this report, what was the rate for
well failure, in salt caverns in Europe, per well year?
Answer: 4.1 × 10−5.

An RIVM report from 2011, regarding on-site natural gas onshore, above ground
and high-pressured piping reports scenarios and failure frequencies [11]. Ques-
tion 8 and 9 are about this report.

8. Data on Dutch natural gas industry, supplied by Gasunie, NAM, TAQA
and Vermilion was used to compute failure frequencies. What was the average
failure frequency for flange connections based on Dutch industry data?
Answer: 5.5 × 10−7.

9. According to the same report, how many incidents with flange leakages
have been reported by Gasunie in the previous 12 years?
Answer: 34.

The NREL report ’Blending hydrogen into natural gas pipeline network: a
review of key issues’, from 2013 investigated key issues related to blending hy-
drogen into natural gas pipeline network [60]. Question 10 and 11 are about this
report.

10. Leakage measurements for steel and ductile iron gas distribution sys-
tems (including seals and joints) suggest an increase in leakage volume of hy-
drogen when compared to natural gas. What is the factor by which the volume
leakage rate for hydrogen is higher than that for natural gas?
Answer: 3.

11. The report mentions a calculation for the Dutch pipeline system from
2003, which considers a 17% hydrogen blend. What is the predicted gas leak-
age rate?
Answer: 5 × 10−5%.





Appendix G
Distribution of the decision makers

In this appendix we show for every question of interests its distribution accord-
ing to some decision makers. We start by considering the decision makers where
11 calibration questions were taken into account and that the expert that left a
calibration question open, has an assessment in the 0%- and 5%- quantile. The
case were this expert has another assessments or were we leave out this calibra-
tion questions, will lead to similar distributions since its effect is not easily seen
in the graphs. Therefore we leave the graphs for those cases out in thesis. Next,
we show for every question of interests its distribution according to the deci-
sion makers where in the analysis 7 calibration question were taken into account.
These 7 calibration questions were included in the first set as well as in the second
set of the calibration questions.

There are some practical issues that needs to be discussed here. Excalibur en-
ables to calculate the distributions of the decision makers EWDM and PWDM
when some questions of interests are left open. However, for OPWDM this is not
possible. Furthermore, the 100 quantile points and the corresponding values in
the graphs with 11 calibrations questions taken into account are attained from
the Excalibur and converted to Excel in order to construct the graphs. The graph
that take 7 calibration question into account are attained from R, because it is im-
possible to construct the decision makers in Excalibur that are used in this graph.
It is possible to construct in R 100 quantile points and the corresponding values
for these decision makers. However due to practical reasons and managing the
time efficiently, this is not done, which limits the graphs with 3 quantile values,
namely 5, 50, and 95%- quantiles.

G.1 Distributions with 11 calibration questions taken
into account

Below 27 graphs are given, each for every question of interest. In the analysis
11 calibration questions have been taken into account. Note that some questions
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have not been answered by all the experts. Question of Interest 5, 6, 10, 11, 12, 13,
14, 15, 16, and 17 have been answered by 8 experts instead of 9. Before consid-
ering the graphs a list is given, where a description of the decision makers in the
legend is given, in order to understand the graphs.

Desicion maker Description
EWDM1 Equal-Weighted Decision Maker with 3 experts that an-

swered the first set of the calibration questions.
EWDM2 Equal-Weighted Decision Maker with 6 experts that an-

swered the second set of the calibration questions.
PWDM1 Performance Weighted Decision Maker with 3 experts

that answered the first set of the calibration questions.
PWDM2 Performance Weighted Decision Maker with 6 experts

that answered the second set of the calibration questions.
OPWDM1 Optimised Performance Weighted Decision Maker with

3 experts that answered the first set of the calibration
questions.

OPWDM2 Optimised Performance Weighted Decision Maker with
4 experts that answered the second set of the calibration
questions and all of the questions of interest.

OPWDM3 Optimised Performance Weighted Decision Maker with
6 experts that answered the second set of the calibration
questions without the questions of interest that was not
answered by everyone.

G.2 Distributions with 7 calibration questions taken
into account

Below 27 graphs are given, each for every question of interest. In the analysis
7 calibration questions have been taken into account. Note that some questions
have not been answered by all the experts. Question of Interest 5, 6, 10, 11, 12, 13,
14, 15, 16, and 17 have been answered by 8 experts instead of 9. Before consid-
ering the graphs a list is given, where a description of the decision makers in the
legend is given, in order to understand the graphs.
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Figure G.1: Distributions of the decision makers for Question of Interest 1-10, with 11
calibration questions taken into account.
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Figure G.2: Distributions of the decision makers for Question of Interest 11-20, with 11
calibration questions taken into account.
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Figure G.3: Distributions of the decision makers for Question of Interest 21-27, with 11
calibration questions taken into account.
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Desicion maker Description
EWDM1 Equal-Weighted Decision Maker with 9 experts but without the

questions of interest that have not been answered by an expert.
EWDM2 Equal-Weighted Decision Maker with all the questions of interest

taken into account but without the experts that did not answer
some of the question of interest.

PWDM1 Performance Weighted Decision Maker with 9 experts but with-
out the questions of interest that have not been answered by an
expert.

PWDM2 Performance Weighted Decision Maker with all the questions of
interest taken into account but without the experts that did not
answer some of the question of interest.
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Figure G.4: Distributions of the decision makers for Question of Interest 1-12, with 7
calibration questions taken into account.
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Figure G.5: Distributions of the decision makers for Question of Interest 13-24, with 7
calibration questions taken into account.
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Figure G.6: Distributions of the decision makers for Question of Interest 25-27, with 7
calibration questions taken into account.





Appendix H
Scores of the decision makers

Below 5 tables are given, which give insight in the scores of the decision makers.
Table H.1 shows the scores of case 1 with decision makers EWDM, PWDM, and
OPWDM. The assessment of expert E3 is below the 5%- quantile. Table H.2 dis-
plays the scores of case 2 with decision makers EWDM, PWDM, and OPWDM.
The assessment of E3 lays between the 5%- and 50%- quantile interval. Next, Ta-
ble H.3 is about case 3 with decision makers EWDM, PWDM, and OPWDM. The
assessment of expert E3 is considered to be between the 50%- and 95%- quan-
tile interval. Then Table H.4 is given which is about case 4 with decision makers
EWDM, PWDM, and OPWDM. Expert E3 has an overestimated assessment, i.e. it
lays in the > 95%- quantile. At last, Table H.5 shows the scores of case 5 with de-
cision makers EWDM, PWDM, and OPWDM. The assessment of the calibration
question that expert E3 did not answer is deleted for every expert.

Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.09406 0.6432 0.2767 0.02603
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.01088 1.833 0.6298 0.00685
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.01088 1.601 0.6258 0.006807
OPWDM2 4.845E-005 1.606 1.194 5.783E-005
OPWDM3 0.01088 1.009 0.9613 0.01046

Table H.1: Case 1 with decision makers EWDM, PWDM, and OPWDM. The realization
is assumed to be below Expert’s E3’s 5%- quantile. The highest scores are indicated in
green.

Version of April 11, 2022– Created April 11, 2022 - 21:03

165



166 APPENDIX H. SCORES OF THE DECISION MAKERS

Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.09406 0.6432 0.2774 0.02609
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.01088 1.425 0.6008 0.006535
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.01088 1.833 0.6298 0.00685
OPWDM2 4.845E-005 1.606 1.194 5.783E-005
OPWDM3 0.01088 1.009 0.9613 0.01046

Table H.2: Case 2 with decision makers EWDM, PWDM, and OPWDM. The realization
is assumed to be between Expert’s E3’s 5%- and 50%- quantile. The highest scores are
indicated in green.

Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.09406 0.6435 0.278 0.02615
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.06362 1.144 0.466 0.03032
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.06362 1.145 0.477 0.03034
OPWDM2 4.845E-005 1.606 1.194 5.783E-005
OPWDM3 0.01088 1.009 0.9613 0.01046

Table H.3: Case 3 with decision makers EWDM, PWDM, and OPWDM. The realization
is assumed to be between Expert’s E3’s 50%- and 95%- quantile. The highest scores are
indicated in green.

Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.09406 0.6437 0.2786 0.02621
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.01088 1.564 0.62328 0.006779
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.01088 1.564 0.6232 0.006779
OPWDM2 4.845E-005 1.606 1.194 5.783E-005
OPWDM3 0.01088 1.009 0.9613 0.01046

Table H.4: Case 4 with decision makers EWDM, PWDM, and OPWDM. The realization
is assumed to be above Expert’s E3’s 95%- quantile. The highest scores are indicated in
green.
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Expert ID Calibration
score

Information
scores total

Information
score
calibration
questions

Combined
score

EWDM1a 0.0322 0.6556 0.2882 0.00951
EWDM1b 0.06362 0.7725 0.6226 0.03961
PWDM1a 0.00599 1.868 0.6411 0.003841
PWDM1b 0.01088 1.214 1.006 0.01094
OPWDM1 0.00599 1.401 0.5957 0.003568
OPWDM2 1.579E-005 1.293 1.18 1.863E-005
OPWDM3 0.008214 1.013 0.9452 0.007764

Table H.5: Case 5 with decision makers EWDM, PWDM, and OPWDM. The assessment
of the calibration question that expert E3 did not answer is deleted for every expert. The
highest scores are indicated in green.





Appendix I
Files used in UNINET

The random variables which are assigned a distribution through files in UNINET
and the corresponding distribution are shown below.
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Appendix J
Formulas for functional nodes from
UNINET

In this Appendix three tables are give. Table J.1 shows how the functional nodes
from UNINET regarding to probability values are derivated in the BN. The sec-
ond table, Table J.2, shows how the functional nodes from UNINET regarding
time values are derivated in the BN. The last table shows how the probabilities
for the nodes E1, F2, and G3 are derivated in the EBN. This is Table J.3.

D1 FUNCTIONAL == 1 − (1 − B1) ∗ (1 − C1) ∗ (1 − D2)
D4 FUNCTIONAL == 1 − D1 FUNCTIONAL
E1 FUNCTIONAL == 1 − (1 − C1) ∗ (1 − D1 FUNCTIONAL) ∗

(1 − E2) ∗ D4 FUNCTIONAL −
(1 − C1) ∗ D1 FUNCTIONAL ∗ (1 −
D4 FUNCTIONAL) ∗ (1 − E2)

F2 FUNCTIONAL == E1 FUNCTIONAL ∗ E2
G3 FUNCTIONAL == G1 ∗ F2 FUNCTIONAL
H1 FUNCTIONAL == G3 FUNCTIONAL
H2 FUNCTIONAL == 1 − (1 − E1 FUNCTIONAL) ∗ (1 − F1) ∗ (1 −

E2) ∗ (1 − F2 FUNCTIONAL) ∗ (1 − G1) ∗
(1 − G2) ∗ (1 − G3 FUNCTIONAL) ∗ (1 −
H1 FUNCTIONAL)

Table J.1: Derivation of the functional nodes regarding probability values in the BN.
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C1NC1 == C1 ∗ NC1
D2ND2 == D2 ∗ ND2 + D2 ∗ D3 ∗ D3ND3
D3ND3 == ND3 ∗ D3
E1NE1 == NE1 ∗ E1 FUNCTIONAL
E2NE2 == E2 ∗ NE2
F1NF1 == F1 ∗ NF1
F2NF2 == NF2 ∗ F2 FUNCTIONAL
G1NG1 == NG1 ∗ G1 + G1 ∗ G2 ∗ G2NG2
G2NG2 == G2 ∗ NG2
G3NG3 == NG3 ∗ G3 FUNCTIONAL
H1NH1 == H1 FUNCTIONAL ∗ NH1
H3 FUNCTIONAL == (E1 FUNCTIONAL ∗ E1NE1 + F1 ∗

F1NF1 + E2 ∗ E2NE2 + F2 FUNCTIONAL ∗
F2NF2 + G1 ∗ G1NG1 + G2 ∗ G2NG2 +
G3 FUNCTIONAL ∗ G3NG3 +
H1 FUNCTIONAL ∗ H1NH1) ∗
H2 FUNCTIONAL

Table J.2: Derivation of the functional nodes regarding time values in the BN.

E1 FUNCTIONAL == i f (I == 0, LE1 ∗ (1 − (1 − C1) ∗
(1 − D1FUNCTIONAL) ∗ (1 −
E2) ∗ D4 FUNCTIONAL − (1 −
C1) ∗ D1 FUNCTIONAL ∗ (1 −
D4 FUNCTIONAL) ∗ (1 − E2)), HE1 ∗
(1 − (1 − C1) ∗ (1 − D1 FUNCTIONAL) ∗
(1 − E2) ∗ D4 FUNCTIONAL −
(1 − C1) ∗ D1 FUNCTIONAL ∗ (1 −
D4 FUNCTIONAL) ∗ (1 − E2)))

F2 FUNCTIONAL == i f (I == 0, LF2 ∗ E1 FUNCTIONAL ∗ E2, HF2 ∗
E1 FUNCTIONAL ∗ E2)

G3 FUNCTIONAL == i f (I == 0, LG3 ∗ G1 ∗
F2 FUNCTIONAL, HG3 ∗ G1 ∗
F2 FUNCTIONAL)

Table J.3: Derivation of the functional nodes E1, F2, and G3 regarding probability values
in the EBN.



Appendix K
Defining probabilities of the functional
nodes in UNINET

In this Appendix three tables are given. Table K.1 shows how the probabilities
for each yellow functional node in UNINET is defined. Next, Table K.2 shows
how the probabilities for each white functional node corresponding to the time,
t, is defined. The last table shows how the probabilities for the additional nodes
in the EBN are defined, see Table K.3.

P(D1=0) = P(B1=0)P(C1=0)P(D2=0)
P(D1=1)= 1-P(D1=0)
P(D4=x) = 1-P(D1=x), x=0,1
P(E1=0) = P(C1=0)P(E2=0)(P(D1=0)P(D4=0)+P(D1=1)P(D4=0)+P(D1=0)P(D4=1))
P(E1=1) = 1-P(E1=0)
P(F2=0) = P(E1=0)P(E2=0)
P(F2=1) = 1-P(F2=0)
P(G3=0) = P(G1=0)P(F2=0)
P(G3=1) = 1-P(G3=0)
P(H1=x) = P(G3=x), x=0,1
P(H2=1) = P(E1=0)(∑a,...,g=0,1P(E2=a)P(F1=b)P(F2=c)P(G1=d)P(G2=e)P(G3=f)P(H1=g))

+P(E2=1)P(E1=1)(∑a,..., f=0,1P(F1=a)P(F2=b)P(G1=c)P(G2=d)P(G3=e)P(H1=f))
+P(F2=0)P(E2=0)P(E1=1)(∑a,...,e=0,1P(F1=a)P(G1=b)P(G2=c)P(G3=d)P(H1=e))
+P(G1=1)P(F2=1)P(E2=0)P(E1=1)(∑a,...,d=0,1P(F1=a)P(G2=b)P(G3=c)P(H1=d))
+P(G3=0)P(G1=0)P(F2=1)P(E2=0)P(E1=1)(∑a,b,c=0,1P(F1=a)P(G2=b)P(H1=c))
+P(H1=0)P(G3=1)P(G1=0)P(F2=1)P(E2=0)P(E1=1)(∑a,b=0,1P(F1=a)P(G2=b))

P(H2=0) = 1-P(H2=1)
Table K.1: Probabilities of the yellow functional nodes.
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P(C1NC1=t) = P(NC1=t)(P(C1=0)+P(C1=1))
P(D2ND2=t) = P(ND2=t)(P(D2=0)+P(D2=1))+P(ND3=t)P(D3=1)P(D2=1)
P(D3ND3=t) = P(ND3=t)(P(D3=0)+P(D3=1))
P(E1NE1=t) = P(NE1=t)(P(E1=0)+P(E1=1))
P(E2NE2=t) = P(NE2=t)(P(E2=0)+P(E2=1))
P(F1NF1=t) = P(NF1=t)(P(F1=0)+P(F1=1))
P(F2NF2=t) = P(NF2=t)(P(F2=0)+P(F2=1))
P(G1NG1=t) = P(NG1=t)(P(G1=0)+P(G1=1))+P(NG2=t)P(G2=1)P(G1=1)
P(G2NG2=t) = P(NG2=t)(P(G2=0)+P(G2=1))
P(G3NG3=t) = P(NG3=t)(P(G3=0)+P(G3=1))
P(H1NH1=t) = P(NH1=t)(P(H1=0)+P(H1=1))
P(H3=t) = P(H2=1)( P(E1NE1=t)P(E1=0)+P(E2NE2=t)P(E2=1)+

P(F1NF1=t)P(F1=1)P(F2=0)+P(F2NF2=t)P(F2=0)+
P(NGNG1=t)P(G1=1)+P(G2NG2=t)P(G2=1)P(G1=1)+
P(G3NG3=t)P(G3=0)+P(H1NH1=t)P(H1=0))

Table K.2: Probabilities of the white functional nodes.

P(E1=0) = P(I=1)P(HE1=0)P(C1=0)P(E2=0)(P(D1=0)P(D4=0)+P(D1=1)P(D4=0)
+P(D1=0)P(D4=1))+P(I=1)(LE1=0)P(C1=0)P(E2=0)(P(D1=0)P(D4=0)
+P(D1=1)P(D4=0)+P(D1=0)P(D4=1))

P(E1=1) = 1-P(E1=0)
P(F2=0) = (P(I=1)P(HF2=0)+P(I=0)P(LF2=0))P(E1=0)P(E2=0)
P(F2=1) = 1-P(F2=0)
P(G3=0) = (P(I=1)P(HG3=1)+P(I=0)P(LG3=0))P(F2=0)P(G1=0)
P(G3=1) = 1-P(G3=0)

Table K.3: Probabilities for the random variables E1, F2, and G3 in EBN.



Appendix L
Tables for estimated probabilities and
times

In this appendix, all the tables are of the same nature. The first two tables corre-
spond to node H2, namely Tables L.1 and L.2, whereas the last two tables corre-
spond to node H3. These tables are Table L.3 and L.4.
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Random
variable

Percentile
value (or event)

Estimated value ±
standard deviation
for H2 in the BN

Estimated value ±
standard deviation for
H2 in the EBN

A1 0.789 0.306±0.234 0.269±0.206
A1 0.79868 0.301±0.235 0.267±0.207
A1 0.80403 0.298±0.236 0.266±0.207
A2 0.78909 0.307±0.233 0.269±0.206
A2 0.79862 0.301±0.235 0.267±0.206
A2 0.80406 0.298±0.236 0.267±0.206
B1 0 (event) 0.297±0.236 0.266±0.207
B1 1 (event) 0.313±0.232 0.271±0.206
C1 0 (event) 0.279±0.202 0.263±0.203
C1 1 (event) 0.88±0.1 0.39±0.261
D2 1.578E-7 0.297±0.368 0.266±0.207
D2 0.003276 0.298±0.236 0.266±0.207
D2 0.008035 0.299±0.235 0.271±0.206
E2 1.2660E-5 0.272±0.241 0.25±0.21
E2 0.003971 0.278±0.239 0.253±0.209
E2 0.06053 0.361±0.212 0.302±0.196
F1 0.0004197 0.28±0.24 0.244±0.21
F1 0.02614 0.284±0.238 0.249±0.208
F1 0.1354 0.364±0.211 0.333±0.185
G1 1.2350E-5 0.161±0.17 0.12±0.0893
G1 0.01132 0.171±0.169 0.13±0.0883
G1 0.5432 0.617±0.078 0.598±0.0408
G2 9.8820E-8 0.269±0.241 0.233±0.21
G2 0.003611 0.272±0.24 0.236±0.21
G2 0.1507 0.353±0.213 0.321±0.186
I 0 (event) - 0.261±0.204
I 1 (event) - 0.273±0.209
LE1 1.223E-6 - 0.266±0.207
LE1 0.005839 - 0.266±0.207
LE1 0.1746 - 0.27±0.206
HE1 0.006145 - 0.26±0.204
HE1 0.1129 - 0.263±0.203
HE1 0.9322 - 0.282±0.218

Table L.1: Part 1: Conditional results for H2. The first column represents the conditional
random variable and in the second column, the percentile value or event. The third col-
umn shows the estimated value ± standard deviation for H2. At last, the fourth column
displays the estimated value ± standard deviation for H2 in the EBN.
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Random
variable

Percentile
value (or event)

Estimated value ±
standard deviation
for H2 in the BN

Estimated value ±
standard deviation for
H2 in the EBN

LF2 2.105E-11 - 0.267±0.207
LF2 6.3010E-7 - 0.267±0.207
LF2 0.04974 - 0.267±0.207
HF2 3.477E-6 - 0.267±0.207
HF2 0.01499 - 0.267±0.207
HF2 0.1807 - 0.267±0.207
LG3 7.0856E-7 - 0.267±0.207
LG3 0.04122 - 0.267±0.207
LG3 0.4744 - 0.267±0.207
HG3 0.001 - 0.267±0.207
HG3 0.01397 - 0.267±0.207
HG3 0.7172 - 0.267±0.207

Table L.2: Part 2: Conditional results for H2. The first column represents the conditional
random variable and in the second column, the percentile value or event. The third col-
umn shows the estimated value ± standard deviation for H2. At last, the fourth column
displays the estimated value ± standard deviation for H2 in the EBN.
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Random
variable

Percentile
value (or event)

Estimated time ±
standard deviation
for H3, in hours, in
the BN

Estimated time ± stan-
dard deviation for H3,
in hours, in the EBN

A1 0.789 122±621 55.3±189
A1 0.79868 122±621 55.1±189
A1 0.80403 121±621 54.9±189
A2 0.78909 123±621 55.4±189
A2 0.79862 122±621 55±189
A2 0.80406 121±621 54.9±189
B1 0 (Event) 121±621 54.8±189
B1 1 (Event) 124±621 55.7±189
C1 0 (Event) 52.6±148 50±144
C1 1 (Event) 2.31E+3±2.64E+3 231±761
D2 1.5780E-7 121±621 54.8±189
D2 0.003276 121±621 54.8±189
D2 0.08035 121±621 55.9±189
E2 1.2660E-5 117±618 53.3±187
E2 0.0039715 118±618 53.6±188
E2 0.06053 132±629 59±192
NE2 0.3241 121±621 54.8±189
NE2 7.351 121±621 54.9±189
NE2 46.28 122±621 55.7±189
F1 0.02 119±621 52.8±187
F1 0.02614 120±621 53.2±187
F1 0.1354 128±623 61.8±195
NF1 0.2824 121±621 54.6±189
NF1 3.421 122±621 54.9±189
NF1 12.68 122±621 55.7±189
G1 1.235E-5 83±606 17.3±129
G1 0.01132 83.5±606 17.8±130
G1 0.5432 227±641 157±233
NG1 0.3343 94.7±612 29.1156
NG1 5.4 109±614 43±165
NG1 25.04 165±642 97.2±246
G2 9.88E-8 96.4±606 31.7±151
G2 0.003611 96.5±606 31.9±151
G2 0.11507 154±630 85±199
NG2 0.02458 97.4±606 32.7±152
NG2 3.452 97.8±606 33.2±152
NG2 560.4 174±650 104±247

Table L.3: Part 1: Conditional results for H3. The first column represents the conditional
random variable and in the second column, the percentile value or event. The third col-
umn shows the estimated value ± standard deviation for H3. At last, the fourth column
displays the estimated value ± standard deviation for H3 in the EBN.
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Random
variable

Percentile
value (or event)

Estimated time ±
standard deviation
for H3, in hours, in
the BN

Estimated time ± stan-
dard deviation for H3,
in hours, in the EBN

NE1 0.6266 55.1±153 50.2±145
NE1 7.962 68.8±179 51.3±146
NE1 110.3 261±1.16E+3 66.5±289
NF2 0.1602 121±619 55.1±189
NF2 6.868 121±619 55.1±189
NF2 1426 124±628 55.1±189
NG3 0.5033 122±621 55.1±189
NG3 3.234 122±621 55.1±189
NG3 24.17 122±621 55.1±189
NH1 0.3559 122±621 55.1±189
NH1 3.987 122±621 55.1±189
NH1 12.79 122±621 55.1±189
I 0 (event) - 49.7±144
I 1 (event) - 61.3±244
LE1 1.223E-6 - 54.9±189
LE1 0.005839 - 54.9±189
LE1 0.1746 - 55.6±189
HE1 0.006145 - 49.6±144
HE1 0.1129 - 49.9±144
HE1 0.9322 - 79.8±382
LF2 2.105E-11 - 55.1±189
LF2 6.3010E-7 - 55.1±189
LF2 0.04974 - 55.1±189
HF2 3.477E-6 - 55.1±189
HF2 0.01499 - 55.1±189
HF2 0.1807 - 55.1±189
LG3 7.0856E-7 - 55.1±189
LG3 0.04122 - 55.1±189
LG3 0.4744 - 55.1±189
HG3 0.001 - 55.1±189
HG3 0.01397 - 55.1±189
HG3 0.7172 - 55.1±189

Table L.4: Part 2: Conditional results for H3. The first column represents the conditional
random variable and in the second column, the percentile value or event. The third col-
umn shows the estimated value ± standard deviation for H3. At last, the fourth column
displays the estimated value ± standard deviation for H3 in the EBN.
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