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Abstract

Within the energy transition, hydrogen gas can become a crucial energy carrier. Currently, the
infrastructure for the transportation of hydrogen gas remains underdeveloped. However, hydrogen
gas can be transported alongside natural gas, a process called hydrogen blending. To enable hy-
drogen blending within a natural gas pipeline network, the TSO must account for both technical
and market requirements, to which hydrogen blending provides an additional challenge. Fur-
thermore, gas prices and demand are subject to uncertainty, which in turn makes the benefits of
hydrogen blending uncertain. Literature has previously provided models for blending on natural
gas networks, and has created stochastic linear models to account for uncertainty, but the combi-
nation remains underexplored. This thesis proposes a stochastic mixed integer linear program that
optimizes the system social welfare of a natural gas pipeline network, subject to both technical
and market constraints. In the thesis, the model is applied to a stylized case study of the Nor-
wegian Continental shelf, Europe‘s largest connected offshore pipeline network. Furthermore, to
incentivize hydrogen production for blending, the impact of a hydrogen subsidy is examined. In
addition, to gauge the effects of changes to the system, sensitivity analyses are executed. Finally,
the scalability and stochastic value are examined to provide insight into the practical aspects of the
stochastic program.

The following key findings from the results are:

* Hydrogen blending is only economically viable once subsidies lower the production cost to
the market price of natural gas, while further subsidies yield diminishing returns.

» Taking into account the cost of carbon emissions, subsidizing hydrogen blending provides
a positive social welfare effect.

* The degree of possible hydrogen blending is limited to the strictest connected downstream
market, such that cross-market collaboration is needed to reach the full potential of hydrogen
blending.

* Hydrogen blending is highly sensitive to the closure of upstream production plants, while
pipeline closures can actually increase hydrogen blending under high subsidies.

» Average hydrogen production across scenarios converges to a single value when increasing
price volatility, regardless of subsidy.

* The value of the stochastic solution is small but significant to the objective.

* The solve time increases exponentially with the amount of scenarios and nodes, while net-
work structure also impacts performance.

Keywords: Network optimization, Hydrogen Blending, Stochastic Optimization.
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Table 1: List of abbreviations.

Abbreviation Full term

BONUS Blending Optimization of Networks with Uncertain Scenarios
CEVPI Conditional Expected Value of Perfect Information

CO9 Carbon dioxide

CRN Common random numbers

CVaR Conditional value at risk

EASEE European Association for the Streamlining of Energy Exchange
ENTSOG European Network of Transmission System Operators for Gas
ETS Emission Trading System

EVPI Expected value of perfect information

GCV/HHV Gross calorific value/ Higher heating value

Gwh Gigawatt hour

H, Hydrogen gas

IEA International Energy Agency

K Kelvin

LHV Lower heating value

Mwh Megawatt hour

(M)scm Million standard cubic meter

NG Natural gas

NOK Norwegian Krone

ROI Return on investment

RF Random Forest regressor

SOS1 Special ordered set of type 1

TSO Transmission System Operator

VSS Value of stochastic solution




1 Introduction

To mitigate climate change, the need to transition to carbon neutral fuels increases (Zou et al.,
2021)). Although solar and wind power generation is increasing, stable power sources are needed
for flexibility (R. Egging and Tomasgard, 2018)). Hydrogen gas is one of these sources and is
expected to play a large role in the transition (Evangelopoulou et al., 2019; Bgdal et al., 2020
Jia et al.,[2023)). However, developing infrastructure for hydrogen gas is time-intensive and costly
(Jia et al., 2023; Xie et al., 2024; H. Zhang et al., [2025)). Alternatively, hydrogen gas could be
sent through existing pipelines used for natural gas (Jia et al., 2023; H. Zhang et al.,|[2025)). This
would allow for partial decarbonization of the gas sector, without the need for new infrastructure.
Consequently, this thesis develops a model to determine the capabilities and benefits of hydrogen
blending within a natural gas network.

A natural gas transmission (pipeline) network is managed by a transmission system operator
(TSO) (Dralle, 2018)), whose objectives can be optimized by modeling the flow, pressure, and
quality of the gas in the network (Egging-Bratseth et al., 2025). Hydrogen blending changes the
quality of gas and therefore the amount that can be added is limited (Mahajan et al., 2022)). There-
fore, modeling must incorporate the ratio between gases, which has been modeled as a mixing
transport problem with linear optimization (Tomasgard et al., [2007; Klatzer et al., 2024). Conse-
quently, the developed model incorporates gas quality to accurately model hydrogen blending.

Besides quality restrictions, a TSO also operates under uncertainty, often induced by human
behavior. For example, the demand for natural gas could grow, due to an unexpected cold spell,
increasing the required flow through the network, as people seek to heat their homes (PustiSek
and Karasz, 2017} p. 99). Furthermore, this also affects prices, which maintain an inverse relation
with the demand (Midthun et al., 2009} R. Egging, Pichler, et al.,2017). These uncertainties have
been modeled using linear stochastic optimization (Fodstad, R. Egging, et al.,[2016} Hasturk et al.,
2025; Markhorst et al.,|2026), or are provided as possible extensions to non-linear models (R. G.
Egging, 2010; Grimm et al.,2019). To date, the integration of hydrogen blending in flow models,
or more generally gas quality models, with a treatment of uncertainty has not been accomplished.
This thesis expands on existing models with an added level of complexity by including both gas
quality and uncertainty. In turn, this allows to more accurately represent and optimize the respon-
sibilities of a TSO. To assess the applicability of the developed model, this thesis investigates both
the value of stochasticity and the scalability of the model.

Several European countries are starting to allow hydrogen blending in their natural gas net-
works (IEA, 2025] p. 80). However, Norway, the largest gas supplier in Europe (Aastad, 2025)),
has only examined the possibilities of hydrogen blending, but currently does not allow blending
on its network (IEA, [2025, p. 81). This thesis uses potential hydrogen production plants as well
as the existing transmission network in Norway to form a case study on hydrogen blending. In
addition, sensitivity analysis is performed to determine the impact of changes in the network on
hydrogen blending. Due to the size of the Norwegian transmission network, the case study shows
the efficiency and applicability of the model in a real application. Therefore, this thesis aids the
investigation into hydrogen blending in Norway by applying the model to their context.

Organization Against this background, this thesis aims to make several contributions. To achieve
these contributions, a list of research objectives is shown below. With these objectives in mind,
the remaining sections are introduced with a quote by a philosopher, and organized as follows.



First, the literature review focuses on the characteristics of transmission systems and gas physics
in networks relevant for modeling, followed by a review of works on gas transmission network op-
timization. Second, the problem is formalized and constructed as a linear program in the method-
ology. Third, the case study is outlined and the results on hydrogen blending and model tractability
are discussed. Fourth, policy insights on hydrogen blending are derived from the model, and the
limitations and possible extensions are discussed. Finally, sensitivity analyses are executed on
several aspects of the model to gain insight into the robustness of hydrogen blending, as well as
experiments to examine the stochastic value and scalability of the model.

Hydrogen blending optimization: Integrate gas pressure and gas composition constraints
into a linear program to model the limitations of hydrogen blending in natural gas networks

Incorporation of stochasticity: Use stochastic linear optimization to enable uncertainty in
the network, allowing the model to hedge for different possibilities of prices and contracted
demand in the network.

Case study: Show how the resulting BONUS model can be applied to a large system of
pipelines.

Policy insights on hydrogen blending: Show the possibilities of hydrogen blending by
introducing policy measures on hydrogen blending, enabling the model to quantify the ben-
efits and challenges of hydrogen blending.

Sensitivity and scalability: Conduct sensitivity analyses and scalability experiments to
evaluate the adaptability of hydrogen blending across different scenarios and model perfor-
mance under varying problem sizes.



“All teaching and all intellectual learning come about from already exist-
ing knowledge.”

— Aristotle

2 Literature Review

The literature review focuses on three topics related to the problem. First, a gas transmission sys-
tem is examined from the perspective of its actors, focusing mainly on the role and responsibilities
of a transmission system operator. Second, the properties required for modeling related to gas flow
within a network are discussed and extended to include the additional complexities of hydrogen
blending. Finally, optimization models surrounding the problem are compared, to gain insight on
how a transmission network can be optimized with the inclusion of hydrogen and uncertainty.

2.1 Gas Transmission Systems

Natural gas is a global commodity that accounts for approximately a fifth of worldwide energy
consumption (R. G. Egging, 2010). To supply the energy, gas has to be transported, which is
achieved through a natural gas transmission network. A natural gas transmission network involves
multiple primary stakeholders, all of whom influence the network. Therefore, in modeling a natu-
ral gas network, the importance of each actor must be considered.

Gas suppliers and consumers are the primary stakeholders of a transmission network, who
benefit from its transport (Amoiralis and Andriosopoulos, [2017)). Natural gas is sold in commod-
ity markets, often virtual (notional) (PustiSek and Karasz, 2017; Egging-Bratseth et al., [2025)).
Natural gas is sold in both long-term and spot contracts (Egging-Bratseth et al.,[2025). Long-term
contracts allow for both mitigation of price and demand risk for suppliers (R. G. Egging, [2010).
Instead, spot contracts are more volatile in amount and price, but allow for lower consumer prices
(R. G. Egging, 2010). Therefore, to accurately optimize for suppliers and consumers, these as-
pects of uncertainty have to be considered.

In addition, a primary stakeholder is the system operator (Amoiralis and Andriosopoulos,
2017). Transmission system operators are necessary to manage a gas network and transmission
market, as well as to maintain and invest in the system. Most countries have their own system oper-
ator, and approaches differ (Pollitt, 2012; Dralle,|2018)). In small countries such as the Netherlands
(GTS) and Denmark (Energinet), a production independent TSO manages transport, balancing,
and maintenance of the main pipeline system. In these small countries, the pipeline network is
owned by the TSO, thereby ensuring neutrality between suppliers. The main drawback of owner-
ship of pipelines is that economies of scope are lost, leading to operational inefficiency (Growitsch
and Stronzik, 2014). However, although uncommon in Europe (Growitsch and Stronzik, 2014)),
there are also countries where the system operator is not separated from the production operators,
which can reduce competition, in turn increasing consumer prices (Dralle, 2018, p. 4). Beyond
these responsibilities, a TSO can have other goals. Dralle (2018, p. 138) identified that a TSO
has as an objective to increase trading volume. Therefore, a modeling objective can also be to
maximize flow in a pipeline network.

Although an independent TSO has no profit motive (Aastad, 2025), maintaining the pipeline



system incurs costs. To relieve the financial burden, a TSO posts tariffs on the use of its pipelines
(Brandio et al.,[2014; Markhorst et al.,[2026). The two most common European tariff choices are
Postage and entry-exit systems. In a postage system, a supplier pays a fixed rate per unit of gas,
regardless of the entry and exit point in the system (Brandao et al., [2014). This system benefits
from its simplicity and allows suppliers to switch exit points without engaging in new contracts or
trading. However, as the tariff is not location based, it is not entirely cost reflective. Instead, the
entry-exit system posts a tariff per unit at each entry and exit point in the system. Suppliers are
responsible for balancing the volume they put into and take out of the system. The system allows
suppliers in the system to flexibly determine their output, resulting in higher market efficiency.
Finally, when all entry-exit tariffs become equal per unit, it reduces the tariff system to a postage
system. Consequently, if an entry-exit tariff system is modeled, it also accommodates a postage
system.

2.2 Natural Gas and Hydrogen Blending

Natural gas and hydrogen gas are physical commodities that adhere to physical laws. In turn,
modeling their behavior can become strenuous. Therefore, this section aims to explicate these
properties.

2.2.1 Natural Gas

Natural gas has many applications. It provides warmth to homes and buildings, but is also used
to generate electricity (R. G. Egging, [2010; Gassco, |[2023)). To enable these processes, natural gas
must be transported through a transmission network, where the physical properties of the gas must
be respected. Egging-Bratseth et al. (2025) indicates that a model of a gas transmission market
needs to include three components: Gas flow, pressure, and quality. Flow is always considered in
network optimization models (Tomasgard et al.,[2007}; Ulstein et al.,[2007; Gillessen et al., 2020;
Klatzer et al.,[2024), but the influence of pressure and quality is often ignored for simplicity (Fod-
stad, R. Egging, et al., 2016; Grimm et al.,[2019; Markhorst et al., 2026).

Within a pipeline, flow denotes the amount of gas that passes through it. The amount is often
denoted as a standard cubic meter (scm), which is the volume at air pressure at a standardized
temperature (temperature differs by region (PustiSek and Karasz, 2017, p. 32)). The flow through
a pipeline is constrained. Following other formulations of flow problems, the inflow and outflow
of gas between nodes needs to be balanced, such that the outflow cannot exceed the inflow of a
pipe. Additionally, each pipe has its own capacity for the amount of gas that can flow through
it, but is also dependent on the pressure difference between the in and outlet of a pipe, as well
as the gas quality (Egging-Bratseth et al., 2025). An example of the simplified restrictions is
given in Figure[I] In this network, each pipe has a capacity of 8 units of gas, and the incoming
flow into node C is 13. Suppose node E has overwhelming demand, then the network wants to
accommodate for that demand. In this simplified view, the capacity is limited by the pipe, but also
ensures that node D cannot receive more from node C' than the amount that is left after serving
node .
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Figure 1: Example of simplified flow constraints within a gas network (similar to examples of
Tomasgard et al. (2007) and Rgmo et al. (2009)). The flow goes from sources to sinks and is
limited by the capacity.

In actual networks, natural gas is put under pressure to create flow. When pipelines are short,
the pressure can remain mostly stable and flow through a pipe (Tomasgard et al.,[2007). However,
when a pipe becomes longer, the flow is given by the difference in pressure between the pipes,
known as the Weymouth equation, which is commonly used in optimization models (Wong and
Larson, [1968; Midthun et al., [2009; Rgmo et al., [2009; Raj et al., [2024; Egging-Bratseth et al.,
2025). This relation is given in Equation (I)), where f, denotes the flow through a pipe a and pi,
and poy¢ represent the pressure in and out of a pipe. Furthermore, K, denotes the Weymouth con-
stant per pipe, which depends on the length, diameter, ambient temperature of the pipe, as well as
the gas composition. A full explanation of the Weymouth constant can be found in Appendix |C.4
The relation shows that for a given pipe and gas composition, the flow can be increased by increas-
ing the pressure at the inlet, or dropping it at the outlet. It should be noted that this equation can
only be used for single direction pipelines. For bi-directional, pipelines (Babonneau et al., 2009)
can be considered, in its squared formulation.

fo=K, \/p?n - pgut (D

Besides the pressure difference, to maintain flow, the pressure at the incoming nodes cannot be
lower than the pressure at the outgoing nodes (Tomasgard et al.,|2007; Klatzer et al.,[2024). This
is because the pressure difference allows gas to flow to low pressure areas, and it could otherwise
not be guaranteed that gas flows in the desired direction. However, to increase pressure within
a pipeline, compression units can be used (Ngrstebg et al., [2010; Klatzer et al., 2024; Egging-
Bratseth et al., 2025). In a compression unit, gas is compressed before being sent further on the
line, at the cost of a small percentage (0.2%-5%) of that gas used as fuel (Ngrstebg et al., 2010
Egging-Bratseth et al., [2025). In addition to increasing pressure within the network, gas is also
stored under pressure, which also incurs similar losses (1%) (Egging-Bratseth et al., 2025). The
fuel consumption w., is given by Equation (Z) per unit of flow f,, given an inlet pressure p;, and
the compressed pressure poy (Das et al., |[2025; Egging-Bratseth et al.,|2025). Here, K, denotes a
constant which incorporates the compressor efficiency and external conditions, and « denotes the
heat ratio, a quantity dependent on the gas composition. For natural gas, the heat ratio is given as
k = 1.32 (EngineersToolbox, 2003c). As these losses are significant, they need to be considered
when using long pipelines, compressors, or storage.



k—1/k
wy = Ky ((i’)j - 1> @)

An example of these added restrictions on flow is shown in Figure 2] which updates the previ-
ous example. Assume that the losses per unit of compressed gas are 10% and increase the pressure
by 10%. Also, assume that all pipes are equal and K, = 8. In the example, we have inserted a
storage unit at node C' and a compression unit along the route (C, E'), which allows us to add more
pressure to the pipeline. Furthermore, the pressure at nodes A and B is higher than 1, and the TSO
has chosen to let the pressure at C be 1, and at D and E lower than 1. Due to pressure differences,
this restricts the flow from node C' without compression to K,v/12 — 02 = 8. However, a unit of
gas (s = 1) is stored at node C' and the compressor unit is used for the flow in (C, E) resulting
in a flow of 9. Since compression costs are incurred, 1 unit of gas is used as fuel and lost in the
network. This example shows that adding pressure complicates the problem, especially in larger
networks, where system effects can stack up (Midthun et al., 2009).

p=1.25 p=1.33

— Pipe

Q Generation
Q Processing

p=0.97 p=0 Q Market

<> Compression

Figure 2: Example of the flow within a network with pressure constraints (similar to examples of
Midthun et al. (2009); numbers rounded to two decimals). The pressure at nodes determines the
flows through pipes, and the compression node (diamond) increases the pressure by a factor of
1.1.

Finally, the quality of natural gas must be considered. The quality of gas depends on its com-
position and is restricted by several factors. The European market has requirements on the energy
content, density, sulfur content, carbon-dioxide content and dewpoints of the gas (PustiSek and
Karasz, 2017, p. 34). However, in modeling, only the energy content, density, and carbon-dioxide
content have been considered as bottlenecks (Ulstein et al., [2007; Ngrstebg et al., 2010). In line
with previous literature, this thesis also considers only these restrictions as quality bottlenecks.
Furthermore, the quality constraints on gas apply only to market endpoints, as the quality restric-
tions are set for consumers (Tomasgard et al., [2007)).

The density of the gas is measured as the relative density, also called the specific gravity
(Pustisek and Karasz, 2017, p. 32). The formula for this quantity is given in Equation (3), where p
denotes the relative density, while pgas and pajr denote the density of the gas composition, respec-
tively. Furthermore, the density of a gas composition can be calculated as a linear combination of

10



its components (EngineersToolbox, |[2003a). The density ensures that the pressure in the pipes can
be accurately measured.

_ PGas

PAir

Second, the energy content can be measured two-fold. First, the Gross Caloric Value (GCV)

measures the potential energy of the gas per cubic meter (measured as Kwh/m? or MJ/m?)

(Tomasgard et al., 2007; Entsog, 2024). Second, there exists a more complicated unit, named

the Wobbe index, used by EASEE (PustiSek and Karasz, 2017; Egging-Bratseth et al.,|[2025). The

Wobbe-index can be used to compare the combustion energy between gases in an appliance such

that households can use it for heating or cooking. Equation (4)) shows the Wobbe index (W), which

depends on the GCV and the relative density. Note that the index changes non-linearly with gas
composition, due to the square root in the denominator.

3)

\%
W — SCV
NG

Finally, the percentage of carbon-dioxide per mol of natural gas is also limited and has been
previously modeled (Rgmo et al.,[2009). Together, these are the necessary restrictions on the Euro-
pean gas market, although there exist regional differences (Pustisek and Karasz, 2017)). The range
of the three quality restrictions is given in Table [2] as well as the values for natural gas, carbon
dioxide and hydrogen gas, which are derived from EngineersToolbox (2003d), EngineersToolbox
(2003b), and Quintino et al. (2021]).

“)

Table 2: Quality specification according to EASEE.

Parameter Unit Min Max NG COo Ho
Wobbe index kWh/m3 13.60 1581 13.71 0.00 13.19
GCV kWh/m3 - - 11.05 0.00 3.35
Relative density m3/m? 056 0.70  0.65 1.53  0.07
Carbon-dioxide mol% - 250 0.00 100.00 0.00

To reach market conditions of natural gas, a TSO has the ability to blend gases (Ulstein et al.,
2007; Rgmo et al.,|2009). Gas can be blended both homogeneously and heterogeneously at a node
(Ulstein et al., 2007). Homogeneous blending indicates that every outflowing arc from a node
contains the same gas composition, dependent on the compositions and volumes of incoming arcs.
In contrast, heterogeneous blending indicates that the TSO can influence the gas composition of
each outflowing arc individually, provided that the combined composition of the outflowing arcs
matches the total inflow. In both forms, blending can provide an effective tool for managing gas
quality, ensuring that market conditions are met.

Quality constraints can make the problem more complex, as gas composition must be tracked
to accommodate for the percentage of carbon dioxide and relative density. The example in Figure/[]
was again adapted to show the restriction in CO2, which is shown in Figure 3] In the example, the
percentage of CO2 was limited to 2.5%, and C' was assumed to be a homogeneous blending node.
When arriving at a node (C'), the gas is mixed, providing an average of COs, weighted by the flow.
In this case, the flow from node B is limited due to its high percentage CO5. Therefore, the gas
composition must also be monitored to ensure that the quality constraints are met.

11
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Figure 3: Example of the flow within a network with quality constraints (derived from (Rgmo et
al.,2009)). The gas is blended at node C, and averages such that more gas can flow to the market
nodes.

2.2.2 Hydrogen Blending

Hydrogen can be used in the energy transition as flexible fuel deployment (Zou et al., [2021). To
facilitate the development of hydrogen production, hydrogen blending can be used as a transitional
solution, without the need for expensive infrastructure (Mahajan et al., 2022; IEA, 2025, pp. 80).
Therefore, hydrogen blending is examined in this thesis, to determine the influence on the network.

However, sending natural gas mixed with hydrogen through natural gas pipelines also has limi-
tations. Passing hydrogen gas through steel pipes and storing gas in steel tanks can cause hydrogen
embrittlement, which in turn could reduce lifespan (although negative short-term effects could not
be determined) (Mahajan et al., [2022; Jia et al., 2023). Therefore, the percentage of hydrogen
flowing through a pipe should be limited. Mahajan et al. (2022, p. 25) showed that projects are
experimenting with a maximum percentage of 20%-30%, while Quintino et al. (2021} p. 301) note
that fractions up to 20% are feasible under the current infrastructure.

In addition to hydrogen embrittlement, the properties of the gas composition also change. In
particular, the Weymouth function requires a stable gas composition to determine K, (Egging-
Bratseth et al., 2025)). Otherwise, the equation takes on an extra dimension as the specific density
plays a role within the formula. As hydrogen has a lower density than natural gas, the flow (m?)
increases artificially, but the energy content does not.

2 _ .2
fa:Kg\/% )

Moreover, the heat ratio « (used in Equation (2)) increases slightly, to x = 1.41 (Engineer-
sToolbox, [2003c). However, if the blend is restricted to 20% hydrogen, then the impact on fuel
consumption of compressors is negligible (Das et al.,[2025)). In turn, the heat ratio can be assumed
to be constant when limiting the blend ratio.

The quality of the gas is also impacted. Natural gas is sold as a standard unit and, in turn,
has to maintain qualities, of which the Wobbe-index and the relative gas density (specific gravity)

12



can be restrictive for hydrogen (Levinsky et al., 2015} PustiSek and Karasz, 2017). The Wobbe-
index decreases by blending natural and hydrogen gas (Zhao et al., 2020; Quintino et al., 2021},
pp- 11372, 311). Furthermore, the gas density for hydrogen is lower than that of natural gas and,
in turn, decreases linearly in the percentage of hydrogen gas (Quintino et al.,[2021}, p. 310). How-
ever, for both requirements, the impact does not seem to violate the restriction (see Table|2)) when
limiting the fraction up to 20%.

Finally, there are some external limitations. Currently, international trade limits the inclusion
of hydrogen gas at 2% , unless different agreements are initiated (Entsog,|[2024])). This is due to the
fact that the measuring equipment to determine gas quality can deteriorate and is inaccurate when
hydrogen and natural gas are mixed (PustiSek and Karasz, [2017; Quintino et al., 2021}, pp. 155,
311), due to its lower energy density (Gross caloric value) (Mahajan et al.,[2022; Raj et al., 2024).
Therefore, with current equipment, an upper limit of 2% may be required at market nodes.

An example that includes some of these constraints is given in Figure[d] adapted from the CO»
example in Figure [3| The blended hydrogen arrives through node B which can be at most 20%,
due to the pipe limit. Again, assume that the split is homogeneous. Furthermore, only one unit
can travel through the pipe, as the output at the market nodes is set to 2%. The example shows that
if all restrictions are enforced, the amount of blended hydrogen is limited. The difference with
the CO5 example is that entering CO> into the system arises from natural gas production, while
hydrogen blending is a deliberate action by the hydrogen provider, who aims to enter the highest
amount of hydrogen possible into the system.

Hy% = 0% Hy% = 20%

—— Pipe

Q Generation
Q Processing
Q Junction

H,% = 2% Hy% = 2% () Market

Figure 4: Example of the flow within a network with hydrogen constraints. The flow with hydro-
gen is highly limited, as the market can only take on 2% hydrogen, and node B provides 20% and
thus has to be diluted with natural gas from node A.

Changes in pressure and quality can cause additional strain on the network. Accordingly, it
should also be carefully considered which fraction of hydrogen should be allowed through pipes
in the network. Therefore, the gas composition must be included to accurately model hydrogen
blending.

2.3 TSO Optimization

In line with the goals of the TSO, optimization models have been developed to aid them in
decision-making. The models are diverse and represent the different objectives and responsi-

13



bilities of a TSO. Therefore, to structure the discussion, Table E] is constructed, which presents
the components and methods of the models. The review does not cover all models relating to
the TSO, and primarily focuses on European systems. For a more extensive overview, Babonneau
et al. (2009), Kotek et al. (2019) and Fodstad, Crespo del Granado, et al. (2022) can be considered.

Table [3] shows that optimization models that optimize for a TSO include flow in their model.
This is also reflected by the models’ objectives, which mainly include the common TSO goal of
flow maximization (Dralle, 2018], p. 138). Some models focus only on the amount of flow to the
market (Tomasgard et al., 2007), while others include the price of gas to optimize the value of
the flow instead (Callen, [1978]; Ulstein et al., [2007; Midthun et al., 2009; Fodstad, R. Egging,
et al., 2016; Markhorst et al.,2026). Wong and Larson (1968)), Klatzer et al. (2024), Hasturk et al.
(2025)), and Das et al. (2025) form exceptions to this rule, who instead accept the amount of flow
as given and aim to minimize costs given that flow. In addition, Gillessen et al. (2020) does not
optimize for market outflows directly, but aims to maximize the pressure at all internal nodes and
argues that this allows the most outflow from the system.

The table also shows that pressure and quality are less often included in the models. Models
that include pressure employ mainly the Weymouth function (Wong and Larson, |1968) and are
often linearized (Midthun et al., 2009; Ngrstebg et al., 2010; Fodstad, R. Egging, et al., [2016;
Klatzer et al., [2024). However, Grimm et al. (2019) uses a more complicated system of partial
differential equations to estimate the flow. In contrast, Das et al. (2025) uses a more complicated
formula that assumes a steady flow, but accounts for frictional losses. The inclusion of quality con-
straints can be found in fewer models, but is united by the linearization of the quality constraints
(Ulstein et al.,2007; Ngrstebg et al.,[2010; Fodstad, R. Egging, et al.,[2016)). Ulstein et al. (2007)
pose the quality constraints as hard constraints, but Tomasgard et al. (2007 argue that to avoid
stopping the system entirely, it can be allowed to deliver sub-standard gas, at a penalty, which they
also enter as one of their objectives.

Hydrogen blending has more recently become a topic of interest, and literature is still sparse
(Klatzer et al., 2024} Hasturk et al.,[2025; Das et al.,[2025; H. Zhang et al.,[2025)). Das et al. (2025)
returned to the topic of Wong and Larson (1968), to minimize fuel consumption in a pipeline, but
allowed for the possibility of hydrogen blending. Instead, both Klatzer et al. (2024)) and Hasturk
et al. (2025) aimed to minimize the costs of the system that included hydrogen mixing, given
the demand, and used linear programming to solve their models. Linear programming refers to
a problem in which the objective and constraints are linear functions (Postek et al., [2025] p. 24).
However, the scope of their models differs. That is, Klatzer et al. (2024) aimed to make a system
that could be used by the TSO to set pressures when including hydrogen, and therefore also mod-
els the surrounding gas physics, while Hasturk et al. (2025) wanted to investigate the viability of
investments in new pipeline infrastructure and therefore also used stochastic programming to in-
vestigate different scenarios. Stochastic programming is a linear program that consists of multiple
stages in which decisions can be made (Postek et al.,2025| p. 251). In each stage, multiple scenar-
ios are made into subproblems and the objective takes the expectation over the possible scenarios.
This allows the model to optimize for multiple scenarios at once. Finally, while H. Zhang et al.
(2025) is not included in the table, they optimized for different investments in energy systems,
to find a mixed energy that is cost efficient. In their model, refitting existing infrastructure for
hydrogen was included, and they also used stochastic optimization to solve their model.

In addition to hydrogen blending models, other recent TSO models also account for uncer-
tainty (Fodstad, R. Egging, et al., 2016; Gillessen et al., 2020; Markhorst et al., 2026)), and use
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stochastic linear programming to achieve this. However, the work of Fodstad, R. Egging, et al.
(2016) marks a deviation from this rule, as they developed multiple models for different scopes
and objectives. For their strategic model, they employed stochastic programming to analyze dif-
ferent scenarios. However, for their operational model they included gas physics, but used sim-
ulations to determine the optimal solution across scenarios. Furthermore, Gillessen et al. (2020)
and Markhorst et al. (2026) also differ from each other, most notably in their objective. Gillessen
et al. (2020) use a narrow objective for their analysis, while Markhorst et al. (2026)) employs an
overarching perspective on the system.

The introduction of different scenarios in stochastic programming can make solving the prob-
lem exponentially more difficult. To accelerate the solution process, other methods that take ad-
vantage of the structure of the problem can be employed. For example, Hasturk et al. (2025
uses an augmented Lagrangian method, which separates variables in a master problem per sub-
problem (scenario) and iteratively brings them closer to each other until convergence. H. Zhang
et al. (2025) uses benders decomposition instead, which derives cuts from subproblems to solve
the main problem (for a detailed explanation of both algorithms, review Wolsey (2020, pp. 201,
235)). Yet, Gillessen et al. (2020) and Markhorst et al. (2026) solve their models without these
techniques and still solve in minutes.

Moreover, some models also account for tariff costs in the transmission system, which are
levied on the booking market (Grimm et al., 2019; Markhorst et al., 2026). Incorporating these
tariffs explicitly captures the influence of suppliers, leading to more accurate decision-making.
Both models assume perfect competition, which entails that suppliers cannot influence the market
price. While other models do not include the tariff system in their model, several do apply market
characteristics (Callen, (1978 Midthun et al., [2009). Instead of assuming perfect market compe-
tition and existing demand, they place the TSO as the decision maker of supply, and derive the
price as a function of supply, indirectly making the TSO a price setter. In turn, the transmission
operator effectively controls the market in these models, which violates the European principle
that the TSO must be independent from production. Therefore, for European markets, provided
that no other stakeholders act as price setters in the model, perfect competition should be assumed.

Finally, the table shows that the latent aspects in Markhorst et al. (2026) can be addressed
by the linear constraints proposed in Tomasgard et al. (2007). This would also make it possible
to incorporate hydrogen blending into the model, which is limited by gas quality requirements.
The table shows that these aspects have not been combined in linear optimization. Therefore, this
thesis extends the model by Markhorst et al. (2026) to address both uncertainty and gas quality in
a linear model to optimize the objectives of a TSO.
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Table 3: Models used for natural gas TSO optimization ((-) indicates minimization).

Reference Topic Objectives Flow Pressure Quality Hydrogen Uncertainty Tariffs Method Scope
Wong and Larson (-) Pipeline energy Fuel usage v v X X X X Dynamic Operational
Programming
Callen Cost adjusted flow value Market outflows v x X X x X Primal-Dual Operational
Flow costs Tteration
Ulstein et al. (2007 Flow value Market outflows v x v X x X Mixed Integer ~ Tactical
Oil production Linear
programming
Tomasgard et al. Penalty adjusted max flow ~ Market outflows v v v X X X Mixed Integer ~ Operational & Strategic
Rgmo et al. ( Flow cost Linear
Ngrstebg et al. Production difference programming
Quality deviation
Midthun et al. Social welfare Market outflows v v X X X X Hand-Solved Operational
Production costs Examples
Hellemo et al. Stochastic social welfare Market outflows v v v x v x Simulations &  Operational & Strategic
Fodstad, R. Egging, et al. Flow costs Stochastic
Production costs programming
Investment costs
Grimm et al. (2019 Multilevel social welfare Market outflows v v X X X v Multilevel Operational
Flow costs optimization
Production costs
Tariff income
Gillessen et al. Pressure Market outflows* v v x X v x Stochastic Tactical
Pressure programming
Klatzer et al. (2024 (-) Hydrogen system cost Production costs v v X v X X Mixed Integer ~ Operational
CO; costs Linear
programming
Hasturk et al. (2025 (-) Hydrogen system cost Production costs v X X v v X Mixed Integer  Strategic
Investment costs Linear
Unmet demand costs programming
Das et al. (-) Pipeline energy Fuel usage v v x v x x Genetic Operational
Algorithm
Markhorst et al. (2026 Stochastic social welfare Market outflows v X X X v v Stochastic Operational
Flow costs programming
Production costs
Tariff costs
This work Stochastic social welfare Market outflows v v v v v v Stochastic Strategic

Flow costs
Production costs
Tariff costs

CO; costs

programming
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“The impediment to action advances action. What stands in the way be-
comes the way.”

— Marcus Aurelius

3 Methodology

This section formalizes the aspects of the problem, and introduces the mathematical formulation
of the model. First, a description of the problem is given. Second, the relevant sets, parameters
and variables are enumerated. Third, an objective function is formulated. Finally, the model
is constructed in a stepwise manner, explaining the context of each constraint when introduced.
The explanation starts with the flow constraints, followed by the pressure and quality constraints.
Subsequently, the entry-exit market constraints are illuminated, as well as an additional constraint
surrounding the stochasticity of the model.

3.1 Problem Description

The model is developed to optimize TSO goals, in accordance with the literature examined in
Table 3] Recently, TSO goals have shifted towards social welfare (Brando et al., 2014; Egging-
Bratseth et al., 2025), and models have aimed to optimize this welfare (Midthun et al., 2009;
Fodstad, R. Egging, et al., 2016; Markhorst et al., 2026). Therefore, the model is also optimized
for social welfare, based on the aspects incorporated by Markhorst et al. (2026), with the main
component optimizing the value of the amount of gas sold. The pipeline network is modeled as a
set of arcs and nodes, with generation and market nodes to model the places of supply and demand,
respectively. Gas is modeled as flow through the arcs, and there are restrictions per arc on the flow.

3.1.1 Pressure and Quality

Gas is sold as a single commodity, with restrictions on the qualities of its composition (Tomasgard
et al., 2007; PustiSek and Karasz, [2017; Egging-Bratseth et al., [2025| p. 34). Therefore, the price
of gas can be assumed singular per market, which is also incorporated by all previous models that
optimize for market outflow (Table [3). To model the gas composition, each component obtains
its own flow variable. For the model itself, any number of components can be integrated, but the
application utilizes three components: Natural gas, carbon-dioxide and hydrogen. The choice of
components follows from the restriction of CO3 in the gas exerted by EASEE (Table [2) and to
measure the impact of hydrogen blending. As hydrogen is diffusive in natural gas (Wang, [2026)),
it is assumed that gas flowing through pipes is homogeneous, except at processing plants where
gas can be split heterogeneously into different arcs through processing.

In addition to gas quality, pressure characteristics are also incorporated. Similarly to other
models, the Weymouth equation is used and linearized. However, because hydrogen has a lower
relative density than that of natural gas, the Weymouth constant changes with the composition.
Therefore, a new and slightly more complex linearization approach is applied that enables differ-
ent relative densities of the gas composition. Pressure can be increased using compressors, which
use some of the gas as fuel to function (Wong and Larson, [1968; Das et al., [2025). The fuel
consumption from compression has been modeled by linearizing Equation (2) (Tomasgard et al.,
2007) and is dependent on the heat ratio of the gas composition. However, for moderate levels
of hydrogen gas in the composition, the difference in fuel consumption is negligible (Das et al.,
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2025)), and therefore, the linearization proposed by Hoeven (2004) (Also used in Tomasgard et al.
(2007)) can still be applied for each component.

However, not all aspects of pressure are considered for the current model. Unlike Tomasgard
et al. (2007), the drop in pressure can be chosen within the model, instead of a hyperparameter
fixed per node when solving. For compressors, recycling gas is not considered to model the
minimum throughput (Egging-Bratseth et al., 2025), but is instead assumed to be incorporated by
fuel consumption. Similar to Tomasgard et al. (2007) it is assumed that the compressor provides
a fixed increase in the pressure. This contrasts with Klatzer et al. (2024), who model variable
pressure but neglect fuel consumption. In addition, under high pressure, leakage can occur for
both natural gas and hydrogen (Xie et al., [2024). However, the amount of gas lost is limited
(N. Riddick and L. Mauzerall, |2023)), and is therefore neglected for the current model. Finally,
in some models, pressure differences are only accounted for when there is flow through a pipe
(Tomasgard et al., 2007), however, similar to other recent models (Gillessen et al., [2020; Klatzer
et al.,|2024) it is assumed that every pipe is in use. Finally, the model is considered static, where
time-dependent gas dynamics are not considered.

3.1.2 Markets and Uncertainty

This study aims to model the gas and booking market as a single system. Several assumptions
and considerations have to be made with respect to these markets. First, the assumptions for the
modeled gas market are discussed, followed by the considerations for the booking market. Finally,
from the discussion, the three decision stages for the stochastic model are explicated.

Gas Market A TSO facilitates the network to allow sold gas to be transported to the demand,
which is sold on a (notional) market. For this market, several characteristics are assumed. First,
akin to Grimm et al. (2019) and Markhorst et al. (2026)), perfect competition is assumed, such
that the price is exogenous to the decisions of the TSO and the suppliers. Second, suppliers are
bound by contractual obligations, where they have to fulfill the taken on demand, but can provide
additional gas to market nodes by selling to intra-day spot markets (PustiSek and Karasz, 2017,
p. 6). However, from the perspective of the TSO, the contracted demand is uncertain, as this is
in the hands of the suppliers. A supplier can own multiple production plants, and can thus meet
demand by producing at multiple plants. While gas is sold as a single commodity, the price of
gas can differ per market, due to transport costs (PustiSek and Karasz, 2017, p. 163). Therefore,
a supplier might prefer delivery to certain market nodes, either because of changes in contracted
demand, or market prices.

The gas market is highly connected with other energy markets, such as the Liquefied Natural
Gas (LNG) market, and the electricity market, where gas is transferred directly to a different
product (Egging-Bratseth et al., 2025)). Other models have also considered these markets to better
account for the relation between these markets (Fodstad, R. Egging, et al.,[2016; H. Zhang et al.,
2025}, Starreveld, 2026). However, in this thesis, these markets are not considered, and are instead
incorporated within the demand for natural gas.

Booking Market In addition to managing the flow of the network, the TSO oversees the book-
ing market of the network. In many European networks, a supplier pays a tariff for entering gas
into the network (entry-capacity) and pulling it off (exit-capacity) (Brandao et al.,[2014). The ca-
pacity is bought via long/medium-term, day-ahead and intra-day booking, where prices that differ
between points (GTS, 2023} Gassco, 2024). Based on long-term booking capacity, the TSO makes
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a provisional planning based on the long-term contracts and adjusts the operational planning after
the sale of short-term contracts.

The goals of suppliers and the TSO might not align, as a supplier aims to maximize their
own flow value, while the TSO aims to maximize overall social welfare. With fixed entry and
exit capacity pricing, conflict is excluded in capacity booking models if suppliers are assumed to
book without strategy. Notably, suppliers book the highest capacity they can deliver if the capacity
is made available by the TSO. Instead, if the entry or exit capacity is limited by TSO, suppliers
would book the amount made available by the TSO. Therefore, assuming the absence of strategic
behavior, decisions made on the booking market from the perspective of the TSO maximize social
welfare as well as the individual flow of suppliers.

Besides the primary booking market, the TSO allows secondary trading of entry and exit ca-
pacities. Competitors can sell and buy booked capacity, enabling higher throughput of the system,
without the need to acquire additional capacity. However, a supplier is incentivized to commit
to long-term booking contracts, as the capacity of short-term contracts is sometimes limited and
secondary trading can result in additional costs. Note that as the secondary market only trades
existing entry-exit capacities, the planning does not change from this behavior. Therefore, the
secondary market does not have to be included in the model from the perspective of the TSO, as
the first market booking contracts determine the maximum flow from an entry node and out of an
exit node respectively.

The decision making process is sketched in Figure[5] Suppliers have more knowledge of the
demand and prices in later stages, but also pay higher prices for capacity. Therefore, suppliers book
capacities beforehand to account for multiple scenarios, but trade and buy additional capacities
later to meet contracts and receive higher profits. Suppliers have to account for multiple scenarios,
and the long-term decision therefore constitutes a balancing act between overbooking and higher
costs in later stages.

19



Long-Term Day Ahead Intra-Day

P Price
p Knowledge

Figure 5: Diagram of scenarios in the model at each stage in the model. The price of booking
contracts increase, but so does knowledge of the realized scenario.

Short-term contracts change the operational flows in the system from the provisional long-term
planning. Markhorst et al. (2026)) argued that the TSO is risk averse and prefers to change the pro-
visional planning as little as possible, ensuring it can meet its obligations to take gas at entry points
and deliver it to exit points. Part of the obligations are related to the delivery of a qualitatively suf-
ficient gas at a sufficiently high pressure. In some cases, the TSO can neglect these responsibilities
to keep the system operational (Tomasgard et al., [2007), and this flexibility is recommended by
the ENTSOG, to accommodate for new gas mixtures, such as hydrogen blending, in the network
(Entsog, 2018).

For the current problem, the total difference from the provisional planning is not constrained.
Instead, the total violation of the quality commitment across scenarios is constrained. This ensures
that the TSO maintains its flexibility, while end users can still expect qualitatively sufficient gas.

3.1.3 Stages

The problem description states that uncertainty presents itself in two forms, spot market price and
contracted demand. The contracted demand is uncertain for the TSO when long-term bookings are
made, but are fixed, and can be considered known, a day-ahead. However, the spot market price
is determined on the day, and is therefore known at a later date. Therefore, suppliers can book
long-term capacity in the model, but can additionally change these on a shorter scale. A supplier
could prefer to change their entry and exit capacities, due to a change in contracted demand, or a
change in the spot market price. However, the short-term contracts are associated with additional
risks and cost, that suppliers aim to avoid, which still incentivize them into long-term contracts.

Three stages can be identified to model this process, which are shown in Table il The table
shows that in the first stage suppliers can book long-term contracts on capacity, while contract
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demand and spot prices are still unknown. In practice, the TSO exerts control over this process by
limiting the entry-exit capacity that can be booked, ensuring a feasible flow. In turn, the booking
decisions by the TSO and the suppliers can be modeled simultaneously, as the TSO wants to
maximize the total flow, while a supplier wants to maximize their own flow, and both require
capacity to be booked. In the second stage, demand becomes known, and long-term entry and exit
capacity can be resold on the secondary market, while short-term capacity for the following day
can be bought from the TSO, now that demand is known. Finally, the price becomes known on
the day, and capacities from the previous two stages can be resold, and intra-day capacity booking
becomes available. In addition, in the final stage, the operational flow is calculated.

Table 4: Stages of stochastic program

Stage  Demand Prices Decision variables

Stage 1 Unknown Unknown Entry—exit capacities

Stage 2 Known Unknown Entry—exit capacities

Stage 3 Known Known Entry—exit capacities; Operational flow

The operational flow is limited by quality constraints on market nodes. However, the TSO
can be flexible in these quality constraints in exceptional cases such that the system does not have
to be interrupted. The TSO utilizes this flexibility to release more booking capacity and, in turn,
further increase the flow.

3.1.4 Hydrogen Blending

The flexibility also allows for further integration of hydrogen blending in the system. Hydrogen
blending impacts the pressure flow relationship and the quality of the gas, and is therefore con-
strained in its percentage. However, to achieve blending, it is assumed that natural gas flows into
a point where it can be directly mixed with the hydrogen and put onto the network via outflowing
arcs. Due to the diffusive nature of hydrogen, it is assumed that the mixing is immediate, and
does not require more extensive planning than putting natural gas onto the network. In turn, the
model does not require additional variables in the second stage to determine production planning.
The implementation of the gas characteristics with multi-stage stochastic linear optimization has
not yet been achieved, and the following model therefore expands on studies on network blending
models, and can be applied to study the feasibility of hydrogen blending in natural gas networks.

3.2 Sets, Parameters and Variables

The model formulation extends previous formulations. Consequently, it contains numerous sets
that require an introduction, all of which are shown in Table[5] In the model, N denotes the set of
nodes in the network, and A denotes the arcs in the network, in other words, the pipelines. Some
nodes have specific purposes in the network, and are therefore given an extra index. That is, IV}, 4
denotes the set of gas production nodes for each supplier, each with their own composition; Ny
denotes market nodes, each with their respective quality requirements; V., denotes nodes where a
compressor is placed, which can increase the pressure at a fuel cost; and N denotes arcs where
the gas is homogeneously split into fractions, also referred to as junctions. Likewise, for arcs,
Al denotes the set of incoming arcs into node n, while A, denotes the set of outgoing arcs from
node n. In addition to the network, multiple commodities are included and C' denotes the set of
commodities (In the current context the relevant commodities are C' € {Natural gas, CO2, Ha}).
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Special ordered sets of type 1 are used to model single choice decisions (Wolsey, 2020, p. 125).
Zy denotes the set of choices for an upper bound on the relative density and is used to obtain the
Weymouth constant for different gas compositions. Z, instead denotes the choices for splitting gas
homogeneously between pipes. To model the nonlinear relationship between flow and pressure,
the set of cutting planes L is introduced. Finally, K, M} and My(m) denote the set of stages,
scenarios per stage, and predecessors of scenario m, respectively.

Table 5: Sets.

Symbol Description Index
N Nodes in the network (production platforms, processing facilities, markets) n

N g Production nodes n

Ny Market nodes n

N, Nodes where a compressor is placed n

Ny Nodes where gas is split homogeneously n

A Arc which transport gas a

AF Incoming arcs to node n a

A Outgoing arcs from node n a

C Components of the gas mix {Natural gas, COs, Ho } c

Zg Special order set of type 1 corresponding to density upperbound z

Zy Special order set of type 1 corresponding to homogeneous splitting z

L Set of cutting planes l

H Set of suppliers h

K Set of stages k

M, Set of scenarios in stage k m
M. (m) Predecessors of scenario m in stage k K m’'

Decision variables are introduced to represent and optimize the decisions made by the TSO.
Table [6] shows descriptions of all the variables used in the model and their respective range. The
flow through arcs is modeled by f; ., where each gas component is represented by an individ-
ual flow. To obtain flow, the pressure differences between pipelines are modeled by variables at
each inlet and outlet of a pipe, denoted by pg in,m and pg ou,m. respectively. Third, to model the
constraints on pressure and quality, auxiliary variables are introduced. That is, 0, . ., denotes an
auxiliary variable to relate the flow to pressure, while vy, . ,,, provides an auxiliary variable for
homogeneous splitting. In addition, e7, . ,,, allows the total inflow to be connected to the fractional
outflow per arc. In the model, wy, ,,, denotes the fuel consumption of a compressor for each individ-
ual component. Finally, :U;: e and z -, represent booked entry and exit capacity, respectively.
Note that it represents the total bought7 c’apacity across suppliers, instead of the capacity per sup-
plier, which simplifies the model and can speed up computation time. Finally, to allow for quality
deviations without halting the flow, it could be allowed to relax market constraints in a scenario.
This is made possible with the introduction of 6.

22



Table 6: Variables.

Symbol Description Range
Jam Flow through arc a of component ¢ under scenario m RT
Pa,n,m  Inflow pressure at arc a under scenario m Rt
Paout,m  Outflow pressure at arc a under scenario m RT
Oa,2m Choice z of lower bound of relative density at arc a under scenario m {0,1}
Un,z,m Choice z of fractional flow in node n under scenario m {0,1}
nozm Flow through node n of component ¢ used for splitting under scenario m R*
Wy m Fuel consumption at compression node n of component ¢ under scenario m R™
a::; kom Booked entry capacity at node n in stage k& under scenario m RT
Ty km Booked exit capacity at node n in stage k under scenario m R*
Om Indicator of allowed market quality deviation in scenario m {0,1}

Third, the model is subject to parameters that provide the context in which the model operates.
Table [7] shows a complete list of the used parameters. The objective (O) contains the prices and
costs for each part of the objective (0f ,,,, 0fl.m, oh, 0% ;. ..}, which is subject to a weighted sum
given by the scenario probability 7, ,,, and, in part, the éfoss caloric value of each component 7¢.
The parameters G, ,,, and D,, ,,, reflect the maximum production and minimum demand per node,
where af represents the fraction of each component at generation. F, and F,, indicate the upper
limit on the flow through, respectively, an arc and a node, and function as big-M parameters. The
parameters p, and p© help provide an upper limit on the relative density of the gas composition.
K, . and E, . represent parameters that are used when the corresponding binary variables are
active. The constants K;a“in, K3, ous and Kye are used to linearize the fuel consumption of a
compressor. Furthermore, several parameters are introduced to ensure pressure constraints (P, ;,
Pouti Pa,in, anout, Pn). In addition, parameters are introduced that ensure that quality constraints
are met at market nodes (¢5*, ¢57), while ¢5* and ¢S~ allow percentage constraints on the arcs
to ensure the longevity of the pipeline. Finally, A denotes the percentage of scenarios that are
allowed to deviate from market quality restrictions.
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Table 7: Parameters.

Symbol  Description

@) Objective to be maximized

Th,m Unconditional probability of scenario m in stage k

O'rdz,m Market price of gas at node n under scenario m

op.m Generation cost of gas at node n under scenario m

Oh Pressure cost of gas at arc a

Op kom, Booking cost of entry-exit capacity at node n in stage k under scenario m

Te Gross caloric value of component ¢

Gnm Maximum produced gas composition at production node n under scenario m

oy, component ¢ byproduct fraction (percentage) of total generation at node n
Dy pm  Minimum demand at market node n for supplier & under scenario m

F, Upper limit on the flow through arc a
28 Upper limit on flow through node n

Dz Upperbound on the relative density in choice z

Pe Relative density of component ¢

K, . Weymouth constants for arc a at choice of pressure z

E, . Fraction of flow corresponding to choice z at arc a
Poin Fuel consumption constant for the discharge pressure into arc a’
paout  Fuel consumption constant for the intake pressure out of arc a

Kye Fuel consumption constant for the flow out of arc a

P, Taylor expansion constant [ of inlet pressure

Pout Taylor expansion constant [ of outlet pressure

Pa,in Maximum allowable inlet pressure on arc a

P, out Minimum allowable outlet pressure on node n

b, Compression factor at node n

¢S, ¢St Maximum percentage of component ¢ at node n / through arc a
g5 ,q5 Minimum percentage of component c at node n / through arc a
A Maximum percentage of scenarios with allowed deviation

The following sections use the explained symbols throughout, while some are re-explained for
emphasis. However, for other symbols Tables [5] [6| and [7] can be re-examined.

3.3 Objective Function

The objective function of the model is given in Equation (6) and is aimed at representing the goals
and responsibilities of the TSO. The objective is derived mainly from Markhorst et al. (2026)), with
some changes to represent the costs related to pressure and gas quality. The objective remains to
maximize the flow value and includes the operational cost of gas generation. The value of the flow
in markets is measured in €/Mwh, while the flow variable is measured in Mscm. To compute the
value of the gas, a transformation is required. Here, r. is the gross caloric value (Mwh/Mscm) of
component ¢, which allows the computation of the flow value in the objective.

Flow costs have been replaced with a pressure penalty, which are the underlying producer of
flow costs, which is also taken into account by the objectives of Tomasgard et al. (2007) and Fod-
stad, R. Egging, et al. (2016)). This functions as a substitute for actual costs generated by pressure,
as it avoids unnecessary high pressures. Finally, the cost of entry and exit capacity is included
in the final term. Suppliers do not benefit from overbooking, and the model should account for
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this. Furthermore, R. G. Egging (2010, p. 72) argues that under the assumption that maintenance
costs are minimized by the TSO themselves per pipeline, entry-exit capacity costs represent these
costs, as an independent TSO does not have a profit motive. This is further substantiated by the
construction of the entry-exit unit cost of a TSO, which consists of maintenance and investments
cost, divided by the amount of usage (NOD, [2024; GTS, [2026a)). The tariff costs are therefore a
welfare transfer of these actual costs. Therefore, the system models the social welfare created by
the model, as a function of the total transported gas, reduced with the costs of transporting the gas.

max O = Z 7T3,m< Z Z ZOZ,mTCfg,m

meMs nENg g A c€C

Value of gas delivered to market nodes

- Z O%,m Z( Z f(lz:,m_ Z fg,m)

nENy, g,h€H ceC acA; ac Al

Operational cost of gas generation

Yy oppm)

neN a€A;,
TV
Pressure operational cost

x + -
- E g Tkm E On,k,m(xn,k,m + xn,k,m)

ke K meMy neN

(6)

Entry-Exit Capacity cost

3.4 Gas Constraints

As previously discussed, expressing gas dynamics with parametric variables yields inherently non-
linear governing equations, a behavior that becomes more pronounced with hydrogen blending
(see Section [2.2). In the model, only static gas flows are considered on a daily basis, instead of
the time-dependent flow dynamics. To integrate the equations into a linear stochastic program,
these equations must be linearized. This section explicates the linear constraints corresponding to
the bilinear and conic gas behavior equations on pressure and quality, accounting for the added
difficulties of hydrogen blending.

3.4.1 Flow Constraints

The model aims to optimize the network based on the flow from production to demand at market
nodes. To ensure that the flow is correctly modeled, several constraints are formulated. First,
production per production plant is limited and demand must be satisfied, both by the amount of
supply entered by the supplier and the actual amount delivered to the market node. This results in
the constraints shown in Equations (7), (§) and (9). In Equations (7) and (@) the gas generation in
a node is given by the difference between the inflow and outflow. Taking the difference between
inflow and outflow allows for network structures where inflow occurs at generation points. For the
current application this is especially useful, as the generated hydrogen can be immediately blended
from its production node, without the need to include intensive new infrastructure for hydrogen
production.
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Note that there exists an additional constraint on the structure of the network of generation
nodes. A hydrogen production plant must have access to an inflow of natural gas to blend their
hydrogen with the natural gas. However, this can be assumed if the hydrogen production plants
included in the model are chosen accordingly.

A further constraint is that a gas plant produces a fixed gas composition, with each compo-
nent as a fraction of total output. This is modeled by Equation (10]), where the fraction of each
component is defined by a constant and the sum of all components, keeping the generation stable
regardless of the amount produced. In the equation, both the left and right sides employ the dif-
ference between inflow and outflow as the generation. The difference in flow is required to enable
blending. At blending nodes, the composition ratio of generated gas is a2 = 1, while the other
components are zero, yielding flow balance for the other components, while allowing hydrogen
gas to be added into the composition.

Z f(i,m - Z fg,m = asz Z f‘f?m N Z fg’m (10)

€Ay, a€Af c€C \qeA;, aEAS
VCECTLEN}L,!], he H me Ms

In addition, the total inflow into a node has to match the outflow from a node. This needs to
hold for each component individually, to ensure no flow is lost. The flow balance constraint is
given in Equation (IT)). Note that this constraint already incorporates heterogeneous splitting, as
the model gets to decide how much flow is pushed to each outgoing node. The constraint does not
hold for generation (/V}, 4) and market nodes (Ng) as these function as sources and sinks in the
network. Furthermore, it is not true for compression nodes (/V,), where fuel costs reduce flow.

Z fcf,m = Z fc(L:,m Ve N\{Nh,gyNdyN’y}a ceC, me Ms (11)

acAf acAy,

Finally, the total flow per arc is limited to a maximum, to avoid deterioration of pipes. This
constraint is shown in Equation (12).

> fem<Fa ¥V acAmeMs (12)
ceC

3.4.2 Weymouth Flow Constraints

On long pipes, the difference in pressure determines the amount of flow. Previously, the Wey-
mouth equation was used with the relative density of the gas composition considered fixed, even
when considering different gas compositions (Tomasgard et al., 2007} Klatzer et al., 2024). How-
ever, the relative density changes with the gas composition and should be taken into consideration,
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especially when blending hydrogen. Therefore, Equation (5) needs to be linearized. As the equa-
tion is bilinear in relative density and conic in in- and outlet pressures, the constraint is enforced
in two steps. First, a special ordered set of type 1 (SOS1) is introduced. A special ordered set of
type 1 is a set of integer variables where exactly 1 variable can become nonzero (Wolsey, 2020,
p- 125). Equation (13)) ensures this constraint.

> Oazm=1 VacA meM; (13)
2E€Zy

Second, the relative density of a gas composition can be calculated as a linear combination
of the relative density of the individual components (EngineersToolbox, |2003a). The objective
aims to maximize the value of the flow, while limiting the cost of pressure. Furthermore, a lower
relative density increases the flow in the Weymouth equation, and therefore the model prefers a
lower density to allow for more flow. This fact yields an upper bound on relative density, shown
in Equation allowing separation of the Weymouth equation for different gas compositions.
Given the upper bound on the relative density, the corresponding Weymouth constant can be cal-
culated. Namely, parameters K, , are introduced, which are constants given by equation (13).

=D fomt Fa(l=Oazm) =D p°f5, Ya€A z€Zy, me M (14)
ceC ceC
K,
Ko, = -2 (15)

N

With the extra parameters, the Weymouth equation can be linearized using Taylor expansion,
which is commonly applied (Midthun et al., [2009; Ngrstebg et al., 2010; Fodstad, R. Egging, et
al., 2016; Klatzer et al., 2024). The Taylor expansion functions as an upperbound on the original

function. Namely, let g(pin, pout) = /P2, — P2, be the conic part of Equation (I). This is
concave over its physically relevant domain (p;;, — pour = 0), as the square root function is
concave and on the relevant domain the inner part is concave. This provides the ability to construct
the following cutting planes shown in Equation (16), around the fixed points P;,, and P,,;. Since
the function is concave on the relevant domain, the Taylor approximation gives an upperbound on
the Weymouth flow, which, due to Euler’s theorem of homogeneous functions (Weisstein, [2026b))
is equal to the flow when Py, = pip and Pout = pout, as g(tpiny tpout) = tg(pinppout) Vit>
0. Carefully constructing multiple tangent planes in this form therefore provide a strong linear
upperbound constraint on the Weymouth flow.
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Equation ((17) shows the constructed constraint. In the equation, the flow cannot exceed the
value given by any tangent cutting plane [ € L. In the constraint, the set of cutting planes together
approximate the original function when the constraint is tight. Note that the big-M value ensures
that only the constraint relating to the chosen constant K, . is active, while the other constraints are
relaxed. The bound of F, is always valid, as flow is already limited to this value, such that it does
not unnecessarily restrict the value further. It should be noted that this constraint only accounts for
single directional pipelines. Instead, to account for bidirectional pipelines, Appendix [A.] can be
consulted. It should be noted that it is not necessary to enforce the relevant domain (p;;, — Pout >
0), as the range of the flow is non-negative, and exiting the relevant domain would force the flow
to be negative. Therefore this constraint can be omitted.

Pin Pout i -
Z f(im < Ka,z #pa,in,m - %pa,out,m + Fa(l - Ha,z,m)

ceC ind " out,l n,d Pout,l

Va€ A, z€ Zy, l € L, m € Mjs
)
An example of this constraint is given in Figure [f] The Figure shows the Weymouth side
of Equation (I7), with a fixed outlet pressure of p, o = 30, and 3 cutting planes on the active
constraint. The activated Weymouth equation is depicted in the blue line, indicating that the re-
spective Weymouth constant is applied. The function is then linearized by applying the cutting
planes shown in green, which limit the flow. Finally, the orange constraints depict the constraints
that are relaxed by increasing them by F,,. Therefore, the flow is effectively restricted only by one
set of cutting planes, and only one of the cutting plane constraints is tight for each arc. Finally,
note that when the inlet pressure p, i, is close to the fixed outlet pressure, the function becomes
more curved, yielding a looser upper bound. Therefore, the cutting plane points must be more
dense when the inlet and outlet pressure are close. An illustration of this procedure, along with the
associated formula, is provided in Equation (63)) and Figure @2]in Appendix [C.I] Furthermore, an
examination of the efficiency and impact on model solutions is given in Appendix [C.2] which also
defines the choice made on the number of upper bounds for the case study.
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Figure 6: Example of the Weymouth constraint for different inlet pressures (Bar) and correspond-
ing max-flow (Mscm). The dashed line show the constraint that are relaxed, while the green line
shows the activated approximated cutting planes.

3.4.3 Other Pressure Constraints

In addition to modeling the Weymouth Equation, pressure within a pipeline is also limited. The
flow in a pipeline is one directional, so, at non-compressor nodes, the pressure delivered into
outgoing arcs cannot exceed the pressure received from incoming arcs. This is ensured by Equa-
tion (I8)). This does not hold for compression nodes, which can instead increase the pressure. The
inequality stems from the option to drop the pressure at nodes, to get the pressure difference into
an arc that achieves the related flow. The pressure within a pipe is also restricted to a maximum
value and a minimum pressure at the market nodes (Tomasgard et al., 2007; Klatzer et al., [2024)).
These constraints are modeled by Equations and (20).

Pa,inm < Da’ out,m V ae€ A;a S A;i;7 neN \ N'yy m € Ms (18)
Pa,inm < Pa,in Va € A, m € Ms, (19)
Paousm = Prow ¥V a €Al neNg, me Ms, (20)

Lastly, fuel consumption of compressors must be taken into account. A linearization of Equa-
tion@] can be used to model the fuel consumption of a compressor (Hoeven, 2004; Ngrstebg et al.,
2010; Egging-Bratseth et al., 2025)), which is shown in Equation (Z1I). To model fuel consump-
tion, it is assumed that the compression node has one outflowing arc, ie | A, |= 1V n € N,.
This assumption allows for the linearization proposed by Hoeven (2004), using constants, K, , in,
K, out and Kye ,which depend on the standard operations of the compressor. After the power
consumption is calculated, the flow is balanced by reducing the flow by the power consumption.
This is achieved in Equation (22). Finally, since the pressure increase is assumed to be fixed,
Equation (23)) ensures that the pressure increase is applied. Note that a compressor also has a
maximum pressure input, but this is already achieved by the constraint shown in Equation (19).
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3.4.4 Quality Constraints

The gas quality is determined by the gas composition. In addition, the composition is restricted in
the amount of hydrogen, to avoid hydrogen embrittlement (Mahajan et al.,2022), as well as market
viability (Quintino et al., 2021). Therefore, to model gas quality, the gas composition within a
pipeline has to be modeled, by modeling each component as its own flow. The decomposition
into individual flows enables the formulation of quality constraints on the composition. That is,
the restriction of maximum and minimum percentages at market nodes can be formulated per
component, which are shown in Equations and (29), respectively. The constraint can be
relaxed by ,,, which allows the TSO to maintain flow of the system in the scenario, even when
market quality is not met.

S fem =P < q5T Y > fe, YneNg ceC, me Ms (24)
ac At acA} ceC
Z Jem +0mbn > a5 Z ngm VneNg ceC, meMs (25)
ac At ac At ceC

Similarly, to ensure pipeline longevity, percentage restrictions can be put per arc. These con-
straints are shown in Equations (26) and (27). For hydrogen blending, the percentage of hydrogen
per pipe is limited, to avoid, among other issues, hydrogen embrittlement. Therefore, this con-
straint ensures that hydrogen gas requires natural gas to flow alongside it.

fom< aST > fo,, YacA ceC me Ms (26)
deC
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Finally, heterogeneous splitting was already modeled by the balance constraint in Equation (TT)).
However, for homogeneous splitting, this constraint is not sufficient. Instead, the model must keep
the ratio between every component to each outgoing arc equal. Since the ratios divide decision
variables, the constraint is bilinear.

To linearize this, Tomasgard et al. (2007) used integer variables to denote the fraction of the
total flow to go to each outgoing arc. The reformulation was only integrated for a homogeneous
split into two arcs. However, the current model extends the formulation for any number of arcs
to split on. They reformulated Equation (28) by introducing an SOS1 choice. For the current
problem, variables v,, . denote these variables, and Equation (28)) ensures that only one choice can
be made.

> nzm=1 VneN, me M (28)
ZGZ’U
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Second, using the upper limit on a node F}, and variables ey, » denoting the flow of component
c through node n in the case where scenario z is chosen, they ensure that only one of these flows
is non-zero by enforcing the constraint shown in Equation (29). In turn, when the binary choice is
made, this equation ensures that the flow through is multiplied with the chosen fractions into each
arc.

> € m < Futnem V2z€Zy, neNs, me M (29)
ceC
Third, fractions £, . are introduced, which denote the fraction of the total flow that is sent
to node a in choice z. Since the split is between outflowing edges, the parameters are given as
> e A~ Eaz = 1. These fractions can then be used to denote per component how much flow
should go to either arc. Equation (30) denotes this relation and determines, based on the choice
VUn,=» how much flow should go to each arc. The binary choice, together with Equation 29 ensures
that for each junction node, only one flow ef, _ ,,, matches the actual flow through the node. Then,
given this chosen option z, it is multiplied by the corresponding fractions F, . which denote the
fraction for each component. Since the fraction is equal for all components, the ratio between
the components is kept equal in both arcs. In turn, it models homogeneous splitting, as the total
flow can still be divided between outflowing arcs, while the fraction is maintained equivalent
between arcs. It should be noted that the flow for each component e;, ., matches the actual flow
through the node, instead of following the upperbound shown in Equation as the sum of the
flows over the outgoing arcs is limited by the balance Equation (T1]), while Equation (30) uses a
strict equality. Together, the fractions F,, . effectively give choices of fractions to divide the flow
over arcs. Therefore, Equations (28) to (30) effectively model a homogeneous split, with added
limitations on the fraction of split flow.

am = ZEavzef%z’m VaecA,, neNs, ceC, me Ms (30)
2E€Zy

To illustrate this constraint, the example on quality constraints can be re-examined to describe
the linear reformulation, which is shown in its decomposed structure in Figure[7] Here, a system
with only natural gas (NG) and COs is examined. The demand nodes D and E receive only 2%
COs in their gas mixture, exactly at the limit, which is enforced by Equation (24). The flow coming
in is balanced due to Equation (T)), which indicates that egg = 9.75, while e%OZ? = 0.25. In
addition, the chosen split between nodes D and £ is given by E(¢ py,. = 0.2 and E(¢ g . = 0.8.
This results in the outgoing flows due to Equation (30)), for example f(I\éC”D) = Eo,p), Zegg =1.95,
which is equivalent to the flow of natural gas to node D.
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Figure 7: Homogeneous splitting under quality constraints, with different commodities.

While these equations provide a linearization of the bilinear constraint of homogeneous split-
ting, it generates two limitations, that form a tradeoff against each other. First, increasing the
amount of possible fractions that can be chosen increases the number of binary variables in the
model, which in turn can drastically increase solve times. However, limiting the amount of pos-
sible fractions can instead lower the objective. The model deals with both demands and prices,
where demand must be satisfied while high-priced markets drive the objective. Therefore, to
achieve optimality, the flow has to be carefully split across the network, to both fulfill demand and
maximize the gas flows to high-priced markets. When many, finely grained, splits are available,
gas can be distributed through the network such that it the objective obtains minimal loss. How-
ever, limiting the amount of possible splits can lower the objective, as additional gas is routed to
markets where demand is satisfied, but prices are relatively low. Therefore, this tradeoff needs to
be carefully considered upon implementation. Appendix [C.3|goes into further depth on this topic,
and quantifies the trade-off.

3.5 Entry-Exit Market

To model the gas market, the booking market cannot be omitted. The TSO provides booking
capacity at entry and exit capacities in the market, via booking rounds in the first stage. In a later
stage, suppliers can book additional capacity, or trade capacity with each other to accommodate
for demand, or deliver gas to high-priced markets. As the model is viewed from the perspective of
the TSO, the secondary market can be disregarded, as the variables represent the bought capacity
in aggregation. This gives rise to two constraints. Equation (3I)) ensures that if more gas flows
out of the node then comes in (generation nodes), entry-capacity must be booked for that node.
Similarly, if more gas flows to a node than comes out of it, exit-capacity needs to be booked at that
node (market nodes), which is shown in Equation (32)). In consequence, capacity is only booked
when flow is imbalanced, with the exception of compression nodes.

Tramt O T =D D o= D fem | ¥ neN\N,meMs 31)
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Finally, suppliers are required to book at least as much entry capacity as exit capacity. This
is ensured by the constraint shown in Equation (33). Here, following the aggregation over the
supplier, the constraint is also simplified. This ensures that, system-wide, more entry than exit
capacity is bought, but ignores whether individual suppliers can meet this constraint. If each
supplier does meet it, then the system does too. Thus, assuming all suppliers respect the constraint,
it also holds in aggregate and is sufficient to restrict capacities.

Z x;?’vm + Z x;k’,m > Z x;L,S,m + Z :C;,k:,m V. ome Mk (33)

nenN k,m’€Ms(m) nenN k,m’€Ms(m)

3.6 Stochasticity

The uncertainty in the demand and prices are modeled by different scenarios. In some scenarios,
the quality might not be maintained at market nodes, while a technically feasible flow can still be
achieved. To limit the deviation from quality standards across scenarios, the number of scenarios
where deviation from quality is allowed is limited. This is ensured by the constraint in Equa-
tion (34). In the equation, the parameter A can be set to zero to ensure a qualitatively feasible flow
is achieved for all scenarios. With this constraint, the model is complete and ready to be used for
applications.

S famdm < A (34)

meMs
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“To collect into one by reasoning things that are scattered, so that by
A defining each thing one may make clear what one wishes to teach.”

— Plato

4 Case Study

With the generic formulation fully specified, it can be applied to a real world setting. This requires
several assumptions regarding the data, as well as reviewing assumptions of the general model.
Therefore, to determine the tractability and effectiveness of the model, this section formulates a
case study based on the Norwegian Continental Shelf. The Norwegian Continental Shelf is the
largest integrated gas transmission network in the world (Gassco, |2023)), and therefore provides a
substantially complex case study. This section explains the derivation of the parameters involved
and provides necessary context for the choices made in the model application.

4.1 Uncertainty

The case study is applied to a different number of scenarios in stage two and three, to gauge the
efficiency of the model. However, the main experiments are executed on branching 8 times to stage
2 and 8 times to stage 3, yielding 64 total scenarios. For all applications the probability of scenarios
1

is equal, i.e. T, = ] The choice of hyperparameters can be found in Appendices |C.1

(weymouth cutting planes), (density bounds) and (homogeneous splits).

4.2 The Norwegian Continental Shelf

Norway is the largest gas supplier to Europe (Adomaitis and Buli, 2025 Aastad, 2025). The net-
work is connected with other European markets, generating additional complexity with regard to
demand requirements. In addition, Norway has a potential competitive advantage in generating
(blue) hydrogen and has taken a leadership role in developing hydrogen technology (Cheng et al.,
2024).

Because of the complexity of the network and the large trading volumes, it provides a highly
interesting case study, to determine the efficiency of the model, as well as an indication of the scale
on which hydrogen blending can be applied. Therefore, this section illuminates the characteristics
of the Norwegian transmission system, focusing on the TSO, as well as the hydrogen infrastructure
that Norway is developing.

4.2.1 Norwegian Transmission Network

The Norwegian Continental Shelf consists of several Transmission Systems, with the largest oper-
ated by Gassco (Dale, 2025). For the case study, the system operated by Gassco was considered,
as they operate the largest system, and the end-points to their pipelines provide gas to international
markets. Pipeline data was collected from Dale (2025), which contains pipelines from multiple
operators, and the active gas pipelines operated by Gassco were selected for the case study. The
dataset was checked against a graphical representation in Aastad (2025)), and it was found that
the direction of some edges should be reversed to obtain a reasonable flow. Namely, from the
original dataset, Europipe II, Norpipe and a pipeline from Gjga were reversed back to the actual
direction. In addition, two pipelines were removed from consideration, as they rely on pipelines
from other operators to connect to a market node. Finally, the individual pipelines were converted
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to a comprehensive graph by making the endpoints of the pipelines into nodes, and merging nodes
if they were 20 km or less away from each other. With these adaptations, the network for the case
study is shown in Figure [§] Appendix [B.I] provides the network in a hierarchical form to aid in
understanding routing decisions.

/’/l%

’

AN

Figure 8: Geographical view of the network. The different colors represent the different node
types.

In the network, the nodes were manually separated into categories, based on their presumed
function. This is indicated by the colors in the figure. Each of the, generation, processing and mar-
ket nodes were given their respective roles based on known characteristics. For, nodes in the sea
with multiple incoming or outgoing arcs are considered junctions, where homogeneous splitting
must be applied. Finally, if there is only one node coming in and going out to the node, even when
considering other operators, then this is assumed to be a compression node.

In addition to the main case study, the amount of stylization of the network can also be changed
such that two additional networks are created to determine the scalability of the linear model. The
derivation and structure of these networks is given in Appendix [B.4]

4.2.2 Generation Nodes

For each of the generation nodes, the supplier and the generation limit were derived from data from
Norwegian Petroleum (2025)), the second using Equation (35). Here, g7_4 5, to g7, represent the
gas production over the past 5 years, while g; ,, represents the remaining gas in the reservoir.
The five year time frame was chosen to obtain a reasonably accurate value for the production
limit, while reflecting the current situation of production. The production was provided in yearly
format, so the found number was divided by the number of days in a year to obtain a feasible daily
flow.

o — min{max}_y{gr—tn}, gin}
=

365 (33)
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In addition, the gas production cost is calculated by the investment costs (éf’n) over the past 5

years divided by the production the following year, as shown in Equation (36). Note that this is a
substitute of the average costs, rather than the marginal costs, which are more common. Finally,
records on the gas composition at generation fields are not made public, and were therefore chosen
based on realistic values from other fields (Hoeven, 2004; IEA, [2005; Ngrstebg et al., [2010; Poe
and Mokhatab, [2012). They are varied to show the capabilities of the model to mix appropriately
for sales at market nodes. The resulting parameters are given in Table

5 ~g
—_10
0% 1 = ListOotn ey, (36)

4

Table 8: Parameters of selected gas fields.

Location Operator Capacity (Mscm/day) Cost (€/Mscm x 1000) CO, percentage (%)
Aasta Hansteen Equinor 24.44 10.90 2
Gjga Var Energi ASA 9.32 19.62 2
Norne Equinor 0.27 34.05 1
Oseberg Equinor 22.93 42.28 1
Visund Equinor 15.78 26.20 3

4.2.3 Compression Nodes

Following the construction of the network, compression nodes are designed to have exactly one
outflowing arc, following the model assumption used in Equation (2). The compression nodes
were designed solely for this case study and, in turn, data stemming from these nodes does not
exist. Instead, example data is created, based on real data used in previous studies. The compress-
ibility factor is derived from Ngrstebg et al. (2010), who suggest compressibility factors of 1.9
which are adopted here. This is further substantiated by Das et al. (2025, p. 504), who optimized
for fuel usage under hydrogen blending, and observed compressibility factors of Pe [1.8,2.06]
for NG and Hy mixtures up to 20%. Second, the fuel consumption constants were derived, with
data from Ngrstebg et al. (2010). The full derivation is shown in Appendix [C.5] based on a hy-
drogen free solution. Table 9] shows the resulting values for each compressor. Note that based on
these parameters, the fuel consumption is moderate, but still reduces the flow of the arcs they are
placed between.

Table 9: Compression parameters shared by compression nodes. The compressibility factor and
K e do not depend on the component.

Parameter NG H, COq
Compressibility factor 1.9 1.9 1.9
KS 5.667 x 107° 0 1.157x10°¢

< out 1.077 x 10~* 0 2.197x107°
Ky 2.706 x 107*  2.706 x 10~* 2.706 x 1074

4.2.4 Market Nodes

Finally, the gas is sold at exit points of the network, namely, the market nodes. For each market
node, the spot market price and the contracted demand are be sampled per scenario. Sampling
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allows to compare scenario trees, which in turn allows to execute multiple runs to obtain statisti-
cally significant results. To compare, the results for a manually constructed tree can be found in
Appendix [D.1] For the spot market price, the markets are regulated at trading hubs. For example,
gas in Germany is traded on the Trading Hub Europe (THE, 2026a), while the UK uses the NBP
(Clever Markets, 2025). These markets also operate under different price mechanisms, for exam-
ple, working with daily futures (ICE, 2026b), or with prices to deviate from contracted demand
(THE, 2026b). For simplicity, this study only considers a single spot price per market. The aver-
age prices per market node were taken as the scenario average proposed in Markhorst et al. (2026,
p. 24).

However, instead of sampling regardless of the stage 2 branch, prices are sampled based on
the average price given in the parent node, with added variance based on the duration of the stage.
Namely, for each node there exists an average price, to which a long-term variance is applied to
get the average day-ahead price (when demand is revealed) and a short-term variance is applied
to get the actual prices per scenario. The variance is applied by multiplying the price by a normal
distribution of the form N (1, Ok.n), Where oy, , represents the standard deviation applied in stage
k at market node n. This enables the prices to be dependent on the previous stage and in turn
reflect a more realistic behavior of changing prices. For convenience, the prices are truncated at
zero. The long-term standard deviation was estimated by examining the 6 months change of the
intraday-futures price market of both the TTF market (ICE, [2026a)) and the NBP market (ICE,
2026b) for mainland Europe and the United Kingdom, respectively. Furthermore, the day-ahead
standard deviation was estimated by examining the changes between consecutive days.

In addition to price, the average contracted demand was also taken directly from the case
study by Markhorst et al. (2026] p. 24). As this study does not incorporate all operators on the
Norwegian Continental Shelf, only the demand of time block one is considered. The variance was
estimated by examining the change in open interest (required deliverables) of the long-term gas
futures market (ICE, 2025). This provides an indication for the change in contract size, as the
futures market is in itself a contract market for delivering gas. The demand is sampled using the
lognormal distribution, following empirical results (Ajinkya and Jain, |1989)). It should be noted
that the total demand is given here, and that suppliers obtain a share of these contracts. The shares
of contracts per node are given when hydrogen suppliers are introduced. Finally, there exist quality
requirements on the gas in terms of minimum pressure at the market nodes, as well as a maximum
percentage of COq. For this, the publicly available terms and conditions from Gassco were used
(Gassco, 2026a). The resulting values for the parameters are given in Table [10]

Table 10: Market prices and demand per node

Dunkerque Easington St. Fergus Emden Dornum Zeebrugge
Market France UK UK Germany Germany Belgium
Average Price (€/Mwh) 30 26 26 28 28 29
Long-term std. (%) 15 10 10 15 15 10
Short-term std. (%) 1 1 1 1 1 1
Average total Demand (Gwh) 50 12.5 12.5 25 25 25
Standard deviation (%) 30 30 30 30 30 30
Minimum pressure (bar) 60 70 41 45 84 80
Maximum COs3 (%) 2.5 2.5 4 2.6 2.5 2.5
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4.2.5 Nodes and Arcs

In addition to node-type-specific parameters, there are parameters that are required for all nodes
and arcs. For all nodes, the maximum capacity was set at [, = Y e Ny Gy, as the capacity is
higher than the flow that is possible at any node, and therefore provides an upper bound required
for the big-M parameter. Instead, for every arc, the capacity limit was chosen manually by exam-
ining the interactive Gassco map (Gassco, |2026c), and applying the given limit if available, while
setting it to F,, = 40 for the remaining arcs. Otherwise, the maximum inlet pressure, also known
as the maximum allowable operating pressure (MAOP) needs to be computed for each arc. Das
etal. (2025} p. 499) provide a formula to compute this based on the diameter of the pipe. However,
assuming this formula is correct, and using the diameters of pipes given on the Gassco map, all
pipes have a maximum operating pressure of P, € [149.76,150.46] bar. Therefore, for each pipe
in the case study the operating pressure was set to an equal P, = 150. Furthermore, the cost of
pressure for each arc was also set equal, and was set at a magnitude smaller value compared to the
flow value, of, = 100€/Bar (the objective is in the millions while the pressure costs take on costs
near half a million), following the claim of Tomasgard et al. (2007) that it is a secondary objective
that should be minimized given that the flow is already optimized. Finally, the Weymouth constant
was calculated for each pipe. The constant depends on the diameter and length of the pipe, taken
directly from the pipline dataset (Dale, [2025). Other required constants are taken from previous
research that use the Weymouth equation, of which the full derivation is shown in Appendix |C.4

A full list of the arcs is given in Appendix [B.2] alongside the allowed capacity.

4.2.6 Gassco & the Entry-Exit System

The Norwegian state-owned TSO, Gassco (Gassco, 2023), operates neutrally with regard to sup-
pliers, but does not own its pipelines (Petroleum, [2025). Gassco indicates two responsibilities in
the form of special and normal operatorships (Gassco, [2023; Aastad, 2025)). Special operatorship
covers system operation, capacity, and quality control, as well as conducting studies on effec-
tive pipeline development. Normal operatorship instead covers the maintenance of its assets and
projects, such as the pipeline network. The case study can be applied for responsibilities within its
special operatorship, as the integration of hydrogen gas within the system covers system operation
and capacity and quality control, while only indirectly affecting the maintenance of the system
through its outcomes. These considerations are in line with recent literature that optimizes social
welfare in the system (see Table [3).

Gassco manages different areas, namely areas A-P. Per area, there exist different regulations
relating to its place in the network. For example, area D covers most exit points to other national
markets (NOD, [2024)), and suppliers are obliged to supply more to the network than they plan to
extract using these points (Gassco, 2024, p. 13). While the areas provide extra restrictions, they
present incidental constraints and are for the most part not relevant to the modeling decisions made
by the TSO. Therefore, they are not considered in the case study. However, the areas do give rise
to the different tariffs that are levied.

Gassco employs an entry-exit system to collect tariffs (Dahl, 2001, p. 49). The tariff per
standard unit (NOK/scm) for each entry and exit point is determined by Equation (37), where
C = 1/sm? denotes the capital cost element, I, denotes the base investment per expected unit
of gas through area p and F,, denotes the expansion factor of these investments in year n (Dabhl,
2001}, p. 160, NOD, [2024). Furthermore, O denotes the operation cost of the entire network, and
@, the total expected quantity transported in year n. This formula is employed for each entry,
exit, and process points in all areas. When investments for each area are equal, all entry-exit tariffs
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become equal per unit, in turn reducing the tariff system to a postage system. The booking costs
per area were computed using the latest component cost per area of Gassco (Gassco, 2026b)), and
applied to each node within that area (NOD, 2024)). The full table of the base booking tariffs can
be found in Appendix [B.3]

tpn = (CLEy) 37

n (0]
@n
In the actual Gassco system, the booking price is stable, regardless of the booking duration
(yearly, day-ahead or intra-day) (Gassco, 2024). However, they maintain a first-come first-served
system for short-term capacity while contracts are available, such that suppliers are incentivized
to engage in long-term booking contracts. To model this behavior, the booking costs are instead
considered to increase with each stage, such that the model is incentivized to mimic the behavior
of suppliers. The price increase is directly taken from Markhorst et al. (2026, p. 22), with an
increase of 4% at stage two and 8% at stage three compared to the base cost.

4.3 Hydrogen Production

To mix hydrogen gas into the network, it has to be produced in a power plant and connected to
the pipeline network. Lakeit et al. (2023| p. 8) identified two large scale hydrogen production in
the last stage before production. However, both have since been put on hold (S&P Global, 2024}
Lea, |[2024; IEA, 2025). There are other smaller scale projects that run along the coast of Norway,
mainly to be transported by boat (GreenH, 2026; HYDS, 2026)). If these projects were located
near the main pipeline network, they could have been considered for hydrogen blending. Figure 9]
provides an overview of these projects. However, for the case study, only the larger projects that
are put on hold are considered. This choice is made because these are the only production plants
near an existing network point, enabling direct network entry without additional costly hydrogen
pipelines.
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Figure 9: Hydrogen Production plants in Norway, with the case study network given in gray.
While these examples are numerous, they do not represent a comprehensive list.

This gives rise to two new generation nodes at the processing nodes, where production param-
eters need to be determined. While the projects have been put on hold, Lakeit et al. (2023)) did
provide yearly production capacity after 2030, which after a conversion of units, are used for the
case study, and shown in Table [TT} However, the same report estimates the cost of hydrogen at
70-110 Euro/Mwh, which equates to approximately 195-307 Euro/ Mscm x 1000, converted using
the lower heating value (LHV) of hydrogen gas (= 2.79 Gwh/Mscm), which is used in the report
(Lakeit et al., 2023} p. 6), and therefore needs to be adapted here for the costs. Note that as the
transmission system uses the GCV as the selling price (see Table[2), the production cost per Mwh
does not equate one to one with the selling price. Nonetheless, the average cost is about twice the
selling price of hydrogen gas (see Table[I0), such that the production of hydrogen is economically
infeasible. Therefore, in the case study, the effectiveness of subsidy on the total flow is examined.
In the case study, the subsidy is applied per Mwh using the LHV, and the production is also shown
in the metric, to match the units of hydrogen reports, such as Lakeit et al. (2023)) and IEA (2025).

Table 11: Hydrogen Generation nodes.

Location  Operator Capacity (Mscm/day) Cost (€/Mscm x 1000)

Nyhamna Shell 14.74 195
Karstg Equinor 14.74 195
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There exist limits on the percentage of hydrogen that can flow from an arc. As discussed, it
is safe to flow up to 20% of hydrogen gas through an arc, therefore ¢¢* = 0.2. However, the
limit per market is distinct, and the allowed blending rate is taken from IEA (2025, p. 80) for
each node. Additionally, all suppliers are mentioned, such that the contract ratios can be given.
The supplier contracts are divided to reflect the production, as well as maintain similarity to the
contract division from Markhorst et al. (2026), who created a fair division among suppliers. The
resulting division and maximum percentage of hydrogen gas per market node is given in Table
It was chosen not to give Shell a mandatory demand size, as hydrogen production and shipping is
both limited and hypothetical, and the natural gas plants from Shell are not included in the model,
unlike the model by Markhorst et al. (2026).

Table 12: Contract divisions and maximum hydrogen percentage

Location Equinor (%) Shell (%) Var Energi ASA (%) maximum Hs percentage (%)

Dunkerque 100 0 0 6
Easington 100 0 0 0.1
St. Fergus 100 0 0 0.1
Emden 100 0 0 10
Dornum 80 0 20 10
Zeebrugge 100 0 0 0

4.4 Computational Setup

The experiments have been developed in Python 3.13 (Python,2024), using Pyomo (Bynum et al.,
2021) to allow the models to be solved with different solvers. For the experiments, the Gurobi
solver (Gurobi, 2026) was employed, where presolve, cutting planes are enabled and the precision
set to 0.2% gap, with the other parameters left at the default parameters. The experiments were run
on a high performance computing cluster (HPC) on 48 cores, each with two gigabytes of memory.
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“One of the main functions of an analogy or model is to suggest exten-
\i & sions of the theory by considering extensions of the analogy”

\ ‘ — Mary Hesse

5 Results

The case study provides the ability to discuss the benefits and challenges from several angles. To
provide an understanding of the current situation, the characteristics of the model in the form above
are shown first, under the guise of an example usage of the model. Second, the impact of policy
measures for hydrogen gas is examined. Third, the sensitivity of the model to technical restric-
tions, such as changes in the allowed percentage of hydrogen through pipelines and the closure of
pipelines and natural gas generation points critical for hydrogen blending. Fourth, the sensitivity
of the model to higher price fluctuations is examined, to gauge the influence on hydrogen blending
and booking decisions. Finally, the stochastic value and the scalability of the model are analyzed.
For each finding, unless stated otherwise, all claims of statistical significance are based on t-tests
(Chicco et al., |2025)) conducted at a significance level of oo = 0.05, with Bonferroni-adjusted p-
values used to account for multiple comparisons (Weisstein, 2026a). Furthermore, the code which
is used to generate the results is provided on a Github repository (Beemster, [2026)).

5.1 Example Usage

The case study is executed in its explained form to define the model behavior and determine the
impact of allowing hydrogen blending under current circumstances. An initial note for the base
model is that under current hydrogen prices, hydrogen production designed for blending is not
economically feasible, as the production price (70€/Mwh) is over twice the price and is therefore
not relevant in the base setting.

First, the distribution of flows from the generation points and to the market points is given
as a violin plot, which are shown in Figure [I0] The figure on the left shows that the production
of natural gas at each generation node remains rather unvaried, which shows that a nearly equal
amount of natural gas is produced in each scenario. Together with the production capacity shown
in Table[§] the maximum amount of gas is always produced, indicating that no matter the scenario,
operators should always produce natural gas to maximize social welfare. On the other hand, the
direction the gas is directed to differs per scenario very frequently. At lower-price markets, such
as the English markets, usually only long-term contracts are fulfilled, creating the large lower tail,
and the route sends extra gas there only when prices are favorable, which is rare, given the low
base price. On the other hand, the high base price in Dunkerque often yields higher gas routing,
but is limited by the demands (contract sizes) of other market points, such that the upper tail of the
delivery is higher, and still varies. Finally, this figure shows that gas can effectively be routed to
market points across scenarios.
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Figure 10: Net inflow and outflow distributions

Second, the bought entry and exit capacities per node averaged across scenarios is shown in
Figure[T1] The left figure shows that entry capacity is only bought in stage 1, which corresponds
to the unvaried production, as capacity needed to fulfill the production in the earliest can already
be bought, as it is always beneficial to produce. Second, corresponding to the changing flow,
the model reduces overdraft of capacity by booking capacity at stage two and three depending
on the demand and prices at market nodes. The capacity bought at the third stage is smaller,
which originates from the structure of price generation, where the day-ahead price determines the
intraday price, thereby partially revealing the price in the second stage.

Erivy Caparity Bought per Stage  Exi Caparity Dosght per Stage

(a) Entry capacity per node (Mscm). The entry capacity (b) Exit capacity per node (Mscm). The exit capacity is
is bought in the first stage mostly, which is related to the bought in different stages, to account for the changing gas
stable inflow. flow.

Figure 11: Comparison of entry and exit capacity per node

Third, the pressure differences on arcs should also be examined. For three different arcs, the
inlet and outlet pressures are plotted as violin plots across the scenarios as violin plots, which is
shown in Figure[I2] For this figure, an edge from a generation node (Visund) was chosen, an edge
to a compression node (B-11), as well as to a market node (Zeebrugge), to see the difference in
pressure dynamics in the model.
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Figure 12: Distribution of inlet and outlet pressures (Bar) for 3 example arcs. The pressures
depend on the position of the pipe in the network. Where market nodes only have changing inlet
pressure from upstream gas (Outlet Zeebrugge), generation nodes have both changing inlet and
outlet (Inlet Visund), depending on downstream market dynamics.

The figure shows that for the generation arc, the inlet and outlet pressures do change, but move
simultaneously up and down, indicating the flow remains the same, while the required pressure
later in the network changes. The opposite is true for the arc towards Zeebrugge, where the outlet
pressure stays at the minimum required value (see Table[T0), but the inlet pressure differs, based
on the amount of gas delivered to Zeebrugge. At B-11, the outlet pressure is extremely low, as
the compressor increases the pressure again afterwards, reducing the cost component of pressure.
Therefore, this figure shows that pressure requirements are appropriately handled for different
types of nodes.

Finally, the components of the objective are examined. Figure [I3]|shows that the generated
revenue is a magnitude larger than the cost, and the main goal of the model is therefore to maxi-
mize the revenue, and only as a secondary objective minimize the costs. Otherwise, the revenue
differs per scenario, which underscores the need to optimize for different scenarios, to get a more
comprehensive picture of both the tactical and operational decisions of the TSO.
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Figure 13: Distributions over the scenario of revenue and costs (Million €). The revenue is a an
order of magnitude higher than the cost, but is also more varied across scenarios.

In summary, the model can be used on an operational level by the TSO, to monitor gas routing
decisions, gas quality and pressure dynamics throughout the system. In addition, the stochastic
formulation allows the TSO to examine the entry-exit capacity market in aggregated form, and see
the impact of the system of different scenarios in pricing and demand. Therefore, the model can
function as a strategical tool for the TSO.

5.2 Subsidies and Allowed Deviation

Hydrogen production is not viable for blending, due to the high production costs. To combat these
costs and stimulate hydrogen blending, a subsidy per generated Mwh of hydrogen can be intro-
duced. As hydrogen production costs are taken as 70 €, subsidies are chosen within the range of
o0s; € [0,70], where i € I denotes the index of the experiment. The subsidies are directly applied
to the production cost of the gas, such that effective production cost becomes o?ﬁm = o%m — 0,
for hydrogen plants. The subsidy and subsequent hydrogen production are shown using the LHV,

to match the units of reports of European hydrogen production (Lakeit et al.,|[2023; IEA, 2025).

In addition to different subsidies, the TSO is also allowed to sometimes deviate from market
quality restrictions, to maintain flow in the system. This characteristic, hereafter named deviation,
can be used to possibly generate extra hydrogen flow when prices or demand are high, such that
the need for blended hydrogen can be justified. The allowed number of scenarios where market
deviation is allowed consists of A € {0%, 5%, 10%, 20%, 100%} to generate a comprehensive
picture on the impact on the strictness of the market.

The model is run four times using Common Random Numbers (CRN) between each deviation
and subsidy, to eliminate noise generated from the tolerance and scenario generation respectively.

5.2.1 Subsidy Impact

The resulting hydrogen production is shown in Figure[I4] alongside the shaded standard error. The
figure shows that for any number of scenarios where deviation is allowed, a subsidy is required to
be higher than 30 €/MWh to significantly impact hydrogen blending, as hydrogen blending then
becomes economically viable in some scenarios where market prices of gas are high. Furthermore,
the impact of the subsidy decreases, as the hydrogen gas production stagnates as the subsidy
increases. However, if the market restrictions are ignored, the possibilities of hydrogen production
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increases further with the subsidy, but also declines as the effective cost of hydrogen production
decreases to zero. Note that if the actual production costs of hydrogen turn out to be higher, the
projected impact would move to the right, but retain its shape, as hydrogen blending would become
still become economically viable at the corresponding effective cost.

Average Hydrogen Production vs Subsidy

Deviation 0%
Deviation 5%
Deviation 10%
Deviation 20%
Deviation 100%

= = ]
o w (=]
L L L

Average Hydrogen Production [Gwh)
(%]
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Figure 14: Hydrogen production (Gwh) for different subsidy levels (€/Mwh) and allowed market
deviations (%). The hydrogen production grows with the subsidy.

The subsidy generates additional social welfare within the system, which corresponds to the
objective, but also reduces social welfare by incurring the cost of the subsidy. The effects can be
computed according to Equation (38). Here, O; denotes the objective corresponding to experiment
i, while Og denotes the objective corresponding to the case without subsidy.

Oi = Oz — Oo
(38)
Ci=os, | > > fiz-> 1
nENp,g a€A, acAf

These effects are shown in Figure [I5] where the changes from zero subsidy are given. The
left figure shows that with the subsidy increase, the objective increases quadratically when the
hydrogen production increases, but otherwise seems to become linear, indicating that the addi-
tional subsidy is then directly taken into account, but does not increase it more than the cost of
the subsidy. The right figure shows a similar picture, where the costs increase drastically at the
beginning, but become linear when hydrogen production has stabilized. For both plots, the effects
are larger for a higher deviation, where the corresponding hydrogen production is bigger. The
figures also show that the costs of hydrogen production are greater than the increase in objective
value, indicating that direct social welfare is lost due to the subsidy. Therefore, subsidy should be
carefully weighed against the benefits of hydrogen production.
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Figure 15: Relationship between subsidy, objective value, and subsidy costs.

One of the benefits is that hydrogen gas can replace in part the carbon intensive fuel of nat-
ural gas, thereby removing carbon emissions. To calculate this effect, the difference in carbon
emissions per Mscm of produced hydrogen gas, scaled for energy contents, is calculated between
natural gas and green hydrogen gas (Millieu Centraal, [2025). To measure the monetary effect,
the social welfare cost per tonne of CO2 emissions is taken as 185$, following the findings of
Rennert et al. (2022)). This quantity was translated to Euro using 2020 as the base year (27.6% in-
flation), and the$/€exchange rate of 01-05-2026 (0.85$/€), such that the cost becomes 200.65€.
The full social cost of carbon is used instead of the prevailing Emission Trading System (ETS)
price (Emissieautoriteit, [2025)), as the subsidy is conceived from a regulatory perspective that
prioritizes overall social welfare rather than cost minimization within the existing emissions trad-
ing framework. This results in the savings in the social welfare cost shown in Equation (39) of
0. = 118483.32€/Mscm of produced hydrogen.

12.7
0. = 200.65€/tCO5 - | 2134tCO9/Mscm - 398 90.45tCO2/Mscm 39)
Cost of emission Emissions NG - . Emissions green Ha
HHYV Ratio

The net welfare effect of a given subsidy and deviation (¢ € I) can then be calculated according
to Equation (0], where the savings of carbon emissions and increase in the system social welfare
are weighed against the cost of the hydrogen subsidy.

Wi=0i+ > mam( Y, > fl2— 3" ) (0. - 0s,) (40)

meMs NENh,g ac Ay acAt

Figure[16]displays the net effect for the different subsidies and deviations. The plot shows that
the net effect increases to 45 €, but then decreases again slowly. However, when the deviation
is 100%, meaning market restrictions may always be ignored, the effect drastically decreases
further. The reason for this is because when the subsidy removes the production cost of gas, and
every market is available, the TSO can decide to reroute gas towards to lower priced markets, to
facilitate extra hydrogen blending. This reduces social welfare, as the revenue from the natural gas
itself becomes lower. However, when the system is restrained, the possibilities for this behavior
are less prevalent, and therefore affect the net welfare effect less.
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Figure 16: Net social welfare effect (€) for different subsidy levels (€/Mwh) and allowed market
deviations (%). The net effect peaks at 45€/Mwh, but shows different patterns for different market
deviations.

However, while the net effect of the subsidy is largest at 45, it might not weigh against the
high subsidy cost. The return on investment (ROI) should also be examined, such that ROI; = C
For the subsidy levels with significant hydrogen production, the ROI is shown in Figure [T7] and
shows that besides the large standard error at the start, the ROI is quite high, but decreases with the
amount of needed investment. Therefore, it is in the best interest of institutions to balance between
the absolute impact and the return on investment of hydrogen blending. Furthermore, the return
on investment is lower, given the same subsidy when not alleviating market restrictions, due to the
fact that the hydrogen production is higher, yielding to a higher cost and therefore a lower ROI.
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Figure 17: Return on Investment (%) for different subsidy levels. The ROI decreases as the total
investment increases.

Together, these findings show that subsidies can enable hydrogen blending, alongside its chal-
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lenges. Subsidy allows hydrogen to become economically viable, and generate a positive net
welfare effect when considering subsidies.

5.2.2 Hydrogen Flow Structure

To assess the impact of hydrogen blending, the average hydrogen flow can be analyzed by exam-
ining the full network. To this aim, the average flow over the scenarios was taken, as well as the
percentage of hydrogen that flow consists of and plotted for each arc. For subsidies of 45€/Mwh
(highest welfare) and 70€/Mwh (zero effective cost) as well as full and no market restrictions, the
flows are given in Figure[I8] The figure shows that when market restrictions are enacted only the
hydrogen production facility in Kéarstg is able to provide blended gas, for both the welfare opti-
mum and zero cost subsidy, while the facility in Nyhamna remains inactive. This is due to the fact
that Nyhamna delivers to homogeneous splitting nodes. At these nodes, where the composition
of the gas is split in even fractions over the pipes, each connected market node receives an equal
fraction of hydrogen gas within their composition. If one of these markets does not allow hydro-
gen blending, in this case Zeebrugge, then any other market also connected to the splitting node
cannot receive hydrogen from that point, due to the equal splitting. However, when the market
restrictions are alleviated, such that only the technical pipe limitations apply, then the possible
hydrogen production facility in Nyhamna also becomes relevant for hydrogen blending. Note that
while this finding applies to the case study, it also applies to any system where downstream mar-
kets are reached by homogeneous splitting. In that case, the amount of possible hydrogen blending
is limited to the strictest market. Therefore, to fully benefit from hydrogen blending, cross-market
collaboration is required.
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Figure 18: Network structure for different subsidy and deviation levels. The hydrogen flow is
limited to the plant in Karstg, but when market restrictions are relaxed, the plant in Nyhamna also
becomes useful.
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Under the welfare optimum subsidy, the effect is marginal, but when hydrogen is given an
effective production cost of zero, the full effect is realized. Moreover, the transition to a lower net
welfare effect can also be shown with the aid of Figure [[9 When the net welfare effect is at its
highest, natural gas is routed to the Easington market point and hydrogen gas is moved alongside
it when possible. However, when the subsidy gets higher the model reroutes gas to these market
points in some scenarios, even though it is not the optimal natural gas disposition. This is to enable
extra hydrogen flow, which obtains a lower cost than natural gas. However, the rerouting of natural
gas cuts into the growth in objective, while the cost of the subsidy keep rising, yielding a negative
net effect. Therefore, making the subsidy too high can cause negative effects for the net social
welfare when considering hydrogen blending.
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(b) Change in natural gas consumption (Mscm) per mar-
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(a) Hydrogen consumption (Mwh) per market point. Hy-
drogen production increases at each market point with in-
creased subsidies.

(Dunkerque) decreases while the one to Easington in-
creases, indicating that subsidies change the direction of
natural gas flow.

Figure 19: Comparison of hydrogen and natural gas consumption per market point, at deviation of
100%

When market restrictions are neglected more often, more hydrogen blending is possible. How-
ever, when market restrictions are maintained, the only feasible hydrogen blending location is
found to be Karstg, as offshore junctions restrict hydrogen blending to the strictest market. Again,
this shows that to reach the full benefit of hydrogen blending, cross market collaboration is needed.
When market restrictions are fully released, concern should be raised to avoid the rerouting of gas
to enable additional hydrogen blending, which can reduce the net welfare effect, and should there-
fore be avoided.

5.2.3 Entry-Exit System Impact

Finally, a subsidy and the corresponding hydrogen production could disrupt the entry-exit system
that governs the capacity market. With disruption of the entry-exit system, the TSO could in turn
lose some of its control over the direction of the gas, while booking partners on the network can
overpay for capacity. To measure this risk, the amount of overprovision, the difference between
the bought and used capacity, was calculated for each scenario,and then summarized according to
Equation 41| for both the entry (x™) and exit (™) capacity respectively. When the total bought
capacity is zero (3, cn xz kom and > Ty ko) the quantity is set to zero, although this does
not occur for any of the current experiments.
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(4D
The entry and exit capacity overdraft was determined for several of the subsidies, when market
restrictions are respected. The resulting overprovisions are shown in Figure 20] The figure shows
that the percentage of leftover entry capacity increase when hydrogen blending is introduced, in-
dicating that hydrogen blending increases the uncertainty in the system for operators. However,
there are additional trends visible. Namely, the amount of leftover entry capacity is larger than the
exit capacity. This originates from the fact that part of the exit capacity is booked in later stages,
while the model seems to prefer booking entry capacity in earlier stages, as it expects to produce.
When the subsidy hovers near market prices, the amount of unused entry capacity increases the
most. This is instead due to the difference in price levels between scenarios, where in some scenar-
ios, the model uses up the capacity, while in others it does not see a benefit in hydrogen blending,
but has bought the capacity in case the other scenario actualized, resulting in unused capacity.
Furthermore, as hydrogen gas has to flow with natural gas, it can sometimes not move with to the
market where the gas is moving, creating overprovision.

When sold capacity is limited, overprovision leads to possible inefficient use of the network.
The TSO must remain vigilant to these effects when allowing hydrogen blending, to ensure that the
increased overprovision is limited. To avoid the negative effects, the TSO must therefore closely
monitor the hydrogen production made for blending, to anticipate their needs, instead of solely
going off the sold capacity, as the bought capacity might not give a full indication of the hydrogen
producers need at that time. This would ensure that entry and exit capacity is not unnecessarily
limited due to potential hydrogen blending.
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Figure 20: Overprovisions (%) for bought entry and exit capacity at different subsidy levels at a
deviation of 0%. The amount of unused bought entry and exit capacity increases when subsidy is
increased, but decreases again when hydrogen blending is always valuable.

In summary, an additional challenge of hydrogen blending is that bought entry-exit capacity
can remain unused when hydrogen blending is subsidized, as hydrogen blending can is only fea-
sible when prices are sufficiently high. Therefore, adding hydrogen producers to the traditional
entry-exit capacity system should be taken under careful consideration.

5.2.4 Blending obligation

To limit the negative effects of a subsidy, the TSO can instead be obligated to allow a minimum
amount of hydrogen blending on its network. The model can be adapted to account for this reg-
ulation in the form of a constraint. Namely, Equation (42)) shows the additional requirement for
the TSO, integrated into the model, where F, represents the required hydrogen that is blended, for
experiment i € I'.

N> N > YV ome M (42)
nENh,g acA; acAt

The policy was examined for different levels of obligated blending, shown in Equation (@3]). As
there exist market and technical restrictions on hydrogen blending, the model becomes infeasible
at higher percentages of the total available production. Therefore, this range examines the full
range of a possible blending obligation. The range was examined for both no deviation and full
deviation, to gain an impression of the influence of the market restrictions on the policy. The
experiments were carried out on four different seeds, to obtain statistical significance of the results.

EZQZ)Z Z T3.m Z anGn,m v ¢ZE{0%71%7720%} (43)

meMs3 nGNh,g

As shown, hydrogen blending is not economically viable without a subsidy, such that the
model always optimizes to meet the restriction, and will not exceed it, as the objective would
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become lower. Therefore, it is not of interest to examine the total hydrogen production. Instead,
the effect on the impact on social welfare is measured directly. It should be noted that the social
welfare of the policy changes, corresponding to Equation (44), where the subsidy cost is removed,
however, the benefit of subsidy to the objective is also not considered.

Wi=0i+ > maml Y, Y fi2 = > fi)of (44)

meMs3 NENK,g ac Ay acAb

A comparison between the system welfare effect of both policy measures is plotted against
the amount of blended hydrogen shown in Figure The figure shows that a blending obligation
yields a higher net welfare effect than subsidizing. This stems from the fact that no additional
investment is needed which lowers the objective. Furthermore, the ability to blend hydrogen is
higher for the subsidy experiment compared to the obligation. This is due to the restriction, where
under a strict the model can become infeasible in a scenario due to demand obligation, where
under the subsidy policy, the model can change the total hydrogen production between scenarios,
enabling for a higher average hydrogen production across the scenarios, as well as an increased
social welfare.
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Figure 21: Net welfare effect against the amount of blended hydrogen

Therefore, a blending obligation can be considered as a policy measure to circumvent the need
for subsidies, as it yields a potentially higher net welfare effect. However, the highest possible
hydrogen production is lower under the obligation compared to a subsidy, such that for hydrogen
blending, a subsidy should be preferred.

5.3 Technical Restrictions

Hydrogen blending is subject to several technical restrictions. The TSO has to ensure that the
network remains operational, indicating the restrictions should be followed. The technical re-
strictions could in turn limit the hydrogen blending if they are chosen more strict, or changes in
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the network occur, which change the applicability of hydrogen blending. Therefore, this section
examines changes in the technical restrictions in the model, and its impact on hydrogen blending.

5.3.1 Hydrogen Blending Percentage

Advancing the Norwegian Continental Shelf toward allowing the theoretical technical limit of
20% hydrogen through the pipelines is ambitious. Instead, the TSO could instead allow a lower
percentage of allowed hydrogen blending, and still obtain the benefits of blending. To this aim,
for three different subsidies (30, 45 and 70€/Mwh), the system was examined for different per-
centages of hydrogen within the pipelines, up to the theoretical technical limit.

For each of the subsidies and allowed hydrogen percentages, the hydrogen production is plot-
ted, which is shown in Figure[22] The figure shows that the hydrogen production increases linearly
with the percentage of allowed hydrogen production. Therefore, the allowed pipeline fraction cre-
ates a bottleneck on the system, and relaxing this constraint enables the benefits of hydrogen
blending directly.

Average Hydrogen Production vs Max H2 Throughput
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Average Hydrogen Praoduction (GWh)
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Figure 22: Hydrogen production (Gwh) under different percentages of allowed hydrogen through-
put, at an allowed deviation of 0%. The increasing hydrogen production shows that pipe restric-
tions on hydrogen are a limiting factor for hydrogen production.

The net effect is also examined for different allowed percentage, which is shown in Figure
@ While the net effect is noisy, a linear trend does seem to prevail, where the net effect is
approximately equal for each of the different percentages, which is similar to the net effect for the
full 20% shown in Figure[I6] This indicates that the net effect grows with the amount of hydrogen
production when pipeline restrictions are universally eased.
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Net Welfare Effect of Subsidy
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Figure 23: Welfare net effect (€) under different percentages allowed of throughput, at an allowed
deviation of 0%. The increasing welfare shows that pipe restrictions on hydrogen are a limiting
factor for the increase in welfare.

Therefore, tightening the allowed percentage on hydrogen can reduce the benefits of hydrogen
blending. In turn, possible technical limits need to be weighed against the added benefits of
hydrogen blending to obtain the full welfare effect of hydrogen blending.

5.3.2 Element Closure

In addition to the universal effect of not allowing hydrogen, the sensitivity of hydrogen blending to
a (temporarily) closed natural gas generation point or a closed pipeline must be examined. Refer-
ring back to Figure 40| (See Appendix [B.I|for the names of the nodes, [B.2]and[B.3|for the specifics
per arc and node), it can be seen that the pipes from Kéarstg to Draupner and Dornum are the most
important under the current market restrictions, as well as the pipelines that follow from Draupner
to the markets of Dunkerque and Emden. Furthermore, the generation nodes supplying Kérstg
could be equally important for blending, to move hydrogen along the supplied gas. When those
fields go dry, the impact on the system is substantial. Therefore, the fields of Gjga and Norne are
considered as they directly supply the hydrogen production plant in Karstg, as well as one indirect
connection which supplies to Draupner.

For each of the examined fields and pipelines, the remaining hydrogen production was exam-
ined. However, when pipelines or generation nodes are removed, the model can easily become
infeasible to solve, as demand might not be met at market nodes. Therefore, to ensure feasibility,
demand satisfaction constraints (shown in Equations and (9)) are transformed to soft con-
straints, where any unmet demand is highly punished. To model the soft constraints, the symbols
shown in Table |13| are introduced. Two shortage variables, nzjm and n,‘f’m, are introduced that
are applied to the hard constraints to turn them into soft constraints. Second, penalty terms are
introduced for any missed demand. These are manually tuned such that when demand is feasible,
the model prioritizes satisfying it, and when infeasible, it still optimizes the rest of the system.
Finally, a new objective is introduced that includes the penalties.
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Table 13: Additional symbols for soft demand constraints.

Symbol Type Description Range Unit

nfh m Variable Unmet demand for supplier ~ under scenario m Rt Mwh
Mnm Variable ~ Unmet demand at market node n under scenariom ~ R™ Mwh

A Parameter Penalty cost per unit unmet supplier demand R* €/Mwh
P Parameter Penalty cost per unit unmet market demand R+ €/ Mwh
o* Objective  Objective function including missed demand penalty R €

The adapted constraints are shown in Equations and (@6). The shortage variables allow
respectively suppliers or markets to fall short on the required demand to the market, as the variable
would take on the difference for the supplier or market. In addition, the objective is changed in
Equation to include the penalty terms for the soft constraints. The penalty value was taken
at A9 = X\ = 1000€/Mwh, as the costs and opportunity costs of missing demand never exceed
this number, such that the model always prefers to fulfill demand if possible. However, when it
is impossible, the model can still optimize the other aspects of the objective without encountering
numerical issues. In turn, this constraint is of a different nature than the missed demand penalty
proposed by (Hasturk et al., [2025]), as the missed penalty is an actual choice to miss demand in
their model, while in the current model it is always beneficial to fulfill demand if possible.

Mot e S (3 fom= > £ > > Dpnm VheEH, meM;  (45)

ceC  nENp gy acA; ac Al neENy
Mo+ Y D Tefom =D Dhnm YneNgy me M (46)
aeAi ceC heH
mx0 =0 3 (X, X i) @
meMs heH neENy

The model was again run four times under the standard setup for different subsidies (0,30, 45,
70 €/Mwh), under a deviation of 0%. This provides the ability to study the effects of subsidies
under given market constraints, with the addition of the impact of a closed pipeline.

After solving, the missed demand is taken for each failed pipeline and generation plant. When
there was no failed plant, all demand is delivered, which follows from the construction of the
penalty, where if feasible, all demand must be delivered to reach optimality. However, for a closed
generation node, there is a shortage to meet delivery from production, while if a pipeline to the
market is closed, there is a shortage there. The magnitude of these events is shown in Figure [24]
which shows that closing Gjga causes production shortage. This stems from the fact that the only
plant considered for Var Energi is Gjga, such that when this plant closes, all the demand taken
on by the operator is left unsatisfied. Instead, when a pipeline is closed, a shortage in demand
brought to market points arises. Namely, when the final pipeline to Dunkerque and Emden close,
the full demand remains unsatisfied (see Table [I0). This originates from the critical nature of
these pipelines, which act as a single connection to the market. When the single connection fails,
no gas can be brought to the market, and the demand is left unsatisfied. Therefore, modeling the
unsatisfied demand as a soft constraint is necessary to avoid infeasibility when examining network
element closure.
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(a) Total shortage (Gwh) over suppliers averaged across (b) Total shortage (Gwh) over market nodes, averaged
scenarios due to closed Generation nodes, with shortage across scenarios due to closed pipelines, with shortage oc-
occurring when the Gjga closes, stemming from the lim- curring when the single pipeline connected to a market
ited production by Var Energi considered in the study. closes.

Figure 24: Demand shortages arising from closing network elements, no market demand shortages
were found from closing generation nodes, and no production demand shortages from closing
pipelines, which are therefore not shown.

Since a possible demand shortage is taken into account, the system effects for hydrogen blend-
ing of closing a pipeline or generation node can be examined. First, the change in hydrogen pro-
duction is analyzed. Figure [25]|shows that closing a plant can have a negative effect on hydrogen
blending. Namely, when less natural gas flows to a hydrogen blending point, in this case Karstg,
less hydrogen gas can flow alongside it, enforced by the technical restriction on the pipelines. In
addition, there exists a significant decrease at a subsidy of 70 for all three examined hydrogen
generation plants. However, the impact of losing the Gjga generation point reduces the amount of
produced hydrogen drastically, and more than Visund and Norne ERB. This is because Gjga is a
substantially larger plant than Norne, while Visund only adds natural gas indirectly for hydrogen
blending. Therefore, the direct supply of natural gas needs to be stable to enable the long-term
possibilities of hydrogen blending.

For pipelines, Figure shows that the effect of closing pipelines on hydrogen production is
more complex than the effect that can be caused by closing a generation node. When the pipelines
to Draupner and Emden close, the amount of hydrogen blended on the system does decrease
significantly compared to the full system as the subsidy increases. However, for the pipelines to
Dornum and Dunkerque the amount of blended hydrogen does not decrease, and even increases
significantly at very high subsidies when the pipe to Dornum is closed. This pattern arises from
the redirected flow of natural gas to different market points, due to the closures. For example,
when the pipeline from Karstg to Dornum is closed, the gas previously directed to Dornum flows
to the central point at Draupner, where more hydrogen gas can be distributed over the remaining
markets. Therefore, when a pipeline closes, hydrogen blending can still be possible, when gas can
be rerouted to different markets.

57



&-1m+

(a) Change in hydrogen production (Gwh) due to closure o
of production plant compared to the network without clo- (b) Change in hydrogen production (Gwh) due to closure
sures. of pipeline compared to the network without closures.

Figure 25: Change in hydrogen production for the examined generation plants and pipelines.

Therefore, the closure of production plants and pipelines have significant effects on the sys-
tem. Closing upstream production plants can greatly limit the possibilities of hydrogen blending.
However, closing downstream pipelines has mostly negative effects on hydrogen blending, but
can, for some pipelines, help reroute the gas to drive additional hydrogen gas to market points,
circumventing chokepoints.

5.4 Market Volatility

In times of global unrest, supply shocks in the natural gas pipeline systems increase price volatility
(Hailemariam and Smyth, [2019). The Norwegian network, as part of the international gas market,
is subject to the possible increase in price volatility. The added volatility can change the direction
of gas flows in scenarios, and influence decisions to blend natural gas. To examine this, the stan-
dard deviations were increased uniformly across the markets, thereby increasing price volatility
between markets. Both the long and short-term price variation are examined, as the stage dif-
ference present distinct behaviors. In other terms, the o3 ,, and o3, are multiplied by a constant
factor for each node n € N, to examine the changes in solution quality.

Besides volatility, price shocks are usually positively correlated (cointegrated) across markets
(Kopytin et al.,2022). To model this more complex behavior, the correlation factor r € [—1, 1] is
introduced, as well as the systematic variation Z¢ ~ N (1, 1). In the Equation Zg{n ~ N(1,02,)

and Z:(si,n ~ N(1,09,) denote the long-term and day-ahead price shock respectively, using the

standard deviations from Table (10}, while E,c s, [og,m] denotes the expected market price at node
n for the base case study.

Eynens;[0,,] max ((rz;?am +V1— 22474, 0) if shock in k = 2

Eoments [0 ] max (Zgn(rZﬁag,,n +1=r22¢,), o) if shockink =3  (48)
Vnée Ny, mée Ms

To gain a full overview of volatility, it is examined for different subsidies (30, 45 and 70€/Mwh).
Furthermore, different correlation levels are examined, namely r € {0, 20%, 40%, 60%, 80%, 100%}.
The price volatility in stage two and three are chosen at 6, ,, € {2iak7n |i=0,...,4} and applied
individually. Finally, each combination of these parameters was run four times to obtain a measure
of statistical significance.
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5.4.1 Objective and Conditional Value at Risk

Price volatility can affect the objective, as market revenue is the driver of the objective (see Fig-
ure [13). To examine this, the objective is plotted against the volatilities factors in Figure 26| In
the figure, the runs across subsidies and the runs were averaged, but the differences for correlation
levels are shown. The subsidies were averaged, as the relative change in objective value from
subsidies is negligible compared to the increased volatility. The figure shows that for both long-
term and day-ahead increased price volatility, the objective increases. Furthermore, the objective
increases more when markets are not fully cointegrated. These patterns stand to reason. When
market volatility increases, a market is more likely to become either really valuable or entirely
worthless. When a market becomes really valuable, the suppliers aim to send as much gas to this
market, while if a market price becomes uneconomical the suppliers will only fulfill their required
demand. Furthermore, if all markets become uneconomical, no supplier delivers gas beside the
required demand, saving costs. Averaging over the possibilities in the scenarios, the overall objec-
tive increases. In addition, this also explains that when markets are fully cointegrated the increase
in objective is lower. Namely, when the markets are fully cointegrated, arbitrage opportunities
between markets disappear, as the price moves together.

Change in Objective Valie for Long-tesm Price Shock Change in Objective Value for Day Ahead Price Shack
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(a) Long-term price shock (b) Day Ahead price shock

Figure 26: Change in objective values under price shocks in different stages, with a baseline
without correlation or increased volatility. When markets are fully cointegrated (r = 100%), the
benefit to system welfare is reduced.

Although the overall objective function value increases, the objective values associated with
low-end scenarios may deteriorate as a consequence of the heightened volatility. To examine
this, the Conditional Value at Risk (CVaR) is computed at 5% for each experiment. To achieve
this the objective value per scenario is computed and ordered, and the average over the worst
5% is taken as the CVaR at 5%. The values were then averaged per run and subsidy, and are
shown in Figure When markets are cointegrated, the CVaR declines, which is expected, as
markets in some scenarios all have lower prices, reducing the objective. However, when markets
are uncorrelated, the aforementioned arbitrage opportunities offset the possible lower prices, as
gas can be in most scenarios be rerouted to higher priced markets. The effect is larger on long-
term price shocks, while for short-term volatility, this effect is less pronounced. This is explained
by the lower base volatility of short-term prices, such that other effects, such as possible increased
costs from buying entry and exit capacity costs take over. This could also explain why increasing
the correlation to 20% actually positively affects the CVaR.
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Figure 27: Change in Conditional Value at Risk values under price shocks in different stages, with
a baseline without correlation or increased volatility. When markets become more cointegrated
the CVaR becomes lower, while for uncorrelated markets arbitrage opportunities add to the CVaR.

5.4.2 Entry-Exit Capacity

In addition, the effect of acquired exit capacity can be examined. Capacity becomes more expen-
sive in later stages, lowering the objective, while the increased uncertainty increases the benefit
of waiting. This is because the determination of when a market attains economic significance can
only be made ex post, once sufficient volatility has been observed.

This behavior is shown in Figure 28] which shows the change bought entry and exit capacity
for both the long-term and day-ahead price shocks. The plot shows that when the price shock
increases, the percentage of exit-capacity bought rises in the stage where this price is revealed. For
exit-capacities, the percentage of bought capacity stabilizes for both stage two and three increased
price volatility. This is because the capacity for contracted demand, which is revealed in stage
two, can already be partly bought in stage one based on the distribution of the demand, regardless
of the price volatility. Second, once demand is revealed, a second commitment can be made to
exit-capacity, to account for the demand, and possibly increased market prices. However, when
the day-ahead price shocks are introduced, it becomes increasingly valuable to delay buying exit
capacity, to better align with arbitrage opportunities. However, because this occurs at the expense
of the primary objective, overall system welfare is reduced relative to the case in which purchasing
occurs in stage two. This also accounts for the lower Conditional Value at Risk (CVaR) associated
with short-term price shocks.
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Figure 28: Percentage of bought entry and exit capacity bought per stage when volatility increases.

5.4.3 Hydrogen Production

Finally, average hydrogen production can be revisited. As price volatility increases, hydrogen
production could change, as a market price might become economically viable in some scenarios,
while others could become invaluable even at high subsidy levels. To examine this, the average
hydrogen production across experiments can be examined, for different subsidy levels. The data
is summarized in Figure 29] which shows that when price volatility increases, the influence of the
subsidy decreases. The effect is less pronounced for day-ahead increased volatility, which stems
from the lower base volatility associated with the stage three shocks. This can be explained by
the fact that hydrogen production is not economically viable given the average price, but when
prices fluctuate more, the price can rise to a level where hydrogen does become worth it. This
increases the average hydrogen production when there was no subsidy, as the scenarios where
prices decrease, still do not obtain hydrogen production, while those with higher prices suddenly
do. Conversely, when there exists a high subsidy, when gas becomes economically nonviable to
a market where hydrogen is allowed, there is no hydrogen blending, even though the hydrogen
itself is worth to be blended. This can cause the average production to decrease, as high-priced
scenarios were already valuable for hydrogen blending, such that the hydrogen production could
only reduce. Therefore, when introducing subsidies, price volatility should be assessed to measure
the impact of the subsidy on the hydrogen production.
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Figure 29: Average hydrogen production under different shock types

For different levels of correlation, the hydrogen production can also be assessed. As the ef-
fect on hydrogen production is more pronounced for long-term increased volatility, the average
production for different correlation levels is shown, averaged across the different volatilities. Fig-
ure [30] shows that the average hydrogen production decreases as the correlation increases for all
subsidies. Although very high and very low subsidies are the least affected, intermediate subsidy
levels decrease more drastically. When long-term price correlation goes to one, the effect becomes
the strongest, which indicates that when the long-term price variation is completely correlated, less
hydrogen flow is economically viable across scenarios. Therefore, market correlation should be
taken into account when determining the value of hydrogen production.

Average Hydrogen Production by Correlation (Long-term Price Shock)
(Averaged over Volatility Multipliers)
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Figure 30: Average hydrogen production (Gwh) for different levels of correlations at different
subsidy levels.

The influence of volatility on the hydrogen production can be formalized for special network
structures. Suppose there exists a simple network, with one blending point and one market point,
where the production cost of natural gas is lower than the hydrogen gas production cost, then,
the decline of the influence of a subsidy can be proven. Suppose also for simplicity, that the
contracted demand can be satisfied without hydrogen production for all scenarios. An example of
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such a network is given in Figure Going forward, the blending node is denoted as node, B,
whereas the market node is node C.
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Figure 31: Simplified network with a single blending node and a single market node.

In this case, for each scenario, hydrogen production is either economically viable, and can be
blended alongside the already valuable natural gas, or when the price is insufficient for hydrogen
blending, any blending is omitted. More precisely, there is a price level, denoted by 6?, at which
hydrogen blending becomes economically beneficial for subsidy level o,. Suppose that, due to
the tightest limit (e.g. pipeline, market, or generation limit), the maximum amount of blended
hydrogen is denoted as f g 20 to the market node. Because blending is either fully or not economi-
cally viable, this limit is reélched, or the amount of hydrogen blending is zero. In turn, the expected

amount of hydrogen blending at a subsidy level o, is given by Equation (@9).

Epens [fg,QC | 087;] = fg%’PmGMB (Océ’,m > 6?) (49)

Using this value, the difference between two subsidy levels can be computed. As the sub-
sidy level does not influence the limit of hydrogen blending, the difference in hydrogen blending
between two levels of subsidy, where co > 05, > 05, > —o0 is given by Equation (50). The equa-
tion shows that when the probability that the price lies in between the two price levels declines,
the added value of the subsidy declines.

EmEMS [ngC ’ OSa] - EmeMzs [féI,QC’ ‘ OSb] =
TEZ (Prersy (0 = 68) = Preasy (0 2 ) ) = (50)
FH% (Pmenn (6 < o, < 7))

As volatility of the price increases, the probability of lying in such a region becomes smaller.
Namely, for an adjustable standard deviation 64, ¢, the limit shown in Equation (51) can be ob-
tained for the case study distribution. Furthermore, as this holds for any finite interval of price
levels, the average produced hydrogen converges to a single value, regardless of the subsidy.

L FH2 4 d ~d FH2 4 d ~d
lim - fpe (PMGMs(Oa < 00m < Ob)) = fpo lim  Prea (0 < 06, <0y) =0 (51
O'k7c—>oo O’k’c—>oo
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This does not necessarily hold for multiple markets, as different limits can exist for different
markets, and gas can be rerouted to different markets to obtain extra flow. Nonetheless, this does
illustrate why the influence of subsidies decrease as price volatility rises.

5.5 Stochastic Value Evaluation

As the model has been extended to include stochasticity, it should be extended to determine what
the value of including these characteristics is. The value of extending the model to include stochas-
tic scenarios can be determined by computing the Value of the Stochastic Solution (VSS) and the
Expected Value of Perfect Information (EVPI). The VSS denotes the value of optimizing the long-
term decisions for each scenario at the same time, instead of optimizing them for the average of
the scenarios. Instead, the EVPI denotes the value of knowing which scenario will actualize, such
that the long-term decisions can be coordinated (optimized) for each scenario individually.

To compute the VSS, the objective of the regular problem is calculated, as well as the objective
given the long-term decisions are optimized by the average of the scenarios, such that the ad-hoc
solution for each scenario is then computed with the fixed long-term decisions. In the current
model, the long-term decisions that require fixing are the bought entry and exit capacity in stage
one and two. Therefore, let O(x, m) be the optimized solution for scenario m € M3 and given
bought capacities of @ in stage one and two, as shown in Equation (52), such that the objective
can be written as O = maxg E,enr, [O(x, m)].

2= {af s T | M E N, (Wym') € My(m),m € My} (52)

This gives rise to the VSS formulation according to Equation (53, where & represents the
entry-exit capacities when the model is optimized for the average solution (EV), as shown in
Equation (54), and taken as fixed. Note that when computing this quantity numerically, the average
is computed over the scenarios instead of taking the expectation.

VSS = O — Epens, [O(&,m) | ] (53)

N e - S+ -
T = {l’nJ,EV» Ty 1EV Tn2EVs Tn2EV ‘ ne N} (54)

Similarly, the EVPI can be computed by computing the expectation of the objective where the
stage one and two decisions are optimized individually. This is shown in Equation (53), where
x™ refers to the capacity decisions in the earlier stages corresponding to scenario m. Again, note
that the expectation for the case study is estimated numerically by taking the average over the
optimized scenarios.

EVPI = E;epry[max O(z™, m)] — O (55)

™ = {8 s B | 1€ N, (K ) € My(m) } (56)

It should be noted that the scenario intersecting variable d,,, is omitted from these formula-
tions. The variable is designed to model the rule relaxations that can be given by an extraordinary
scenario to maintain flow when quality restrictions are not met, such as when there exist high
prices, such that additional hydrogen gas can be allowed. However, when the deviation is a frac-
tion, only part of the scenarios is allowed these relaxations. In turn, when computing the EVPI,
the model would be able to cheat on each scenario, as the violation can be applied to each scenario
individually. Otherwise, if the deviation is instead not allowed in a single scenario, as a fraction
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of a single scenario means no actual scenario can allow deviation, the EVPI is underestimated
instead. Therefore, only the situation where no market deviation is allowed is examined here, as
well as the situation where all scenarios are allowed deviation, as choosing the scenarios where
deviation is allowed is of no concern for both. However, for the other examined deviation levels,
Appendix can be consulted.

Besides deviation (0%, 5%, 10%. 20% and 100%), the statistics are gathered for different
subsidy levels (0, 30, 45 and 70€/Mwh), as well as different scenario tree branches to stage two
and three (2, 4 and 8 for both stages). To gain some statistical significance over the results, each
combination of parameters was run ten times.

For a deviation of 0% the VSS and EVPI for each combination of parameters are given in
Figure 32] alongside the standard error. For all combinations of parameters, the VSS and EVPI
are quite small as a percentage of the objective, indicating respectively that the effect of accounting
for uncertainty is relatively small, and obtaining knowledge about the uncertainty in advance yields
only a small benefit. However, in absolute terms, these effects can still be considered substantial,
as the objective is in the millions per day (see Figure[I3]). Namely, the VSS is approximately 77-92
thousand Euro, while the EVPI values are around 15-26 thousand euro, which translates to large
sums on a yearly basis. Therefore, the price and demand uncertainty should be considered when
making decisions on entry-exit capacity.
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Figure 32: VSS and EVPI as a percentage of the objective value at 0% deviation for different
amount of branches and subsidies.

Otherwise, the results where market deviation is allowed can also be examined. For each
examined combination of parameters, the values are shown in Figure [33] alongside the standard
error. The figure shows that the VSS is not notably different when market constraints are alleviated.
Similarly, the EVPI does not show many differences as well, indicating that market constraints
do not influence the effectiveness of incorporating multiple scenarios for long-term entry-exit
capacity decisions.
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Figure 33: VSS and EVPI as a percentage of the objective value at 100% deviation for different
amount of branches and subsidies.

Besides general significance, no pair of VSS and EVPI significantly differ from each other,
indicating that the difference in VSS and EVPI do not differ substantially between subsidy levels.
However, a superficial view shows that both the VSS and EVPI are lower when only two stage
branches are considered for both 0% and 100% deviation. To test this, the non-parametric Mann-
Whitney U-test is employed (Chicco et al.,|2025). An explanation of the details of the tests can be

found in Appendix [D.2.1]

The results of the tests are shown in Table[14] The table shows that all groups have significantly
different VSS values, while the EVPI is only different between two branches and four branches in
stage two. Likely, the lower VSS in stage two can be explained by the lower chance that extreme
scenarios appear, in turn making the averaged optimized decisions a better fit than when a lot of
uncertainty exist in the model. However, when optimizing fewer scenarios, these extremes can be
overlooked, and therefore the amount of scenarios should be set sufficiently high to account for
these extreme scenarios.

Table 14: Pairwise Mann-Whitney U test results for different stages (percentages)

Metric Comparison (average %) U-stat Bonferoni pyaue Reject Equality

VSS  2(0.35)vs 4 (0.41) 22690 0.000 Yes
VSS  2(0.35) vs 8 (0.40) 24539 0.015 Yes
VSS  4(0.41) vs 8 (0.40) 32742 0.028 Yes
EVPI 2 (0.08) vs 4 (0.09) 24174 0.007 Yes
EVPI 2 (0.08) vs 8 (0.08) 25756 0.136 No
EVPI 4 (0.09) vs 8 (0.08) 30968 0.461 No

5.6 Model Scalability

To apply the model in a practical, the model needs to be scalable. To examine this, the model is
run for a different number of scenarios, as well as different networks. Together, this provides an
indication on how the model would scale to other case studies.
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5.6.1 Scenario Tree Structure

For the amount of scenarios, different combinations are examined. The resulting solve times
including the standard deviation is shown in Figure [34] The figure shows that branching in either
stage two or stage three yields an increase in solve times, but are not necessarily distinct in the
increased solve time. Therefore, the amount of scenarios is a driving factor in the solve time and
should be limited to obtain optimal solutions.
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Figure 34: Solve time matrix for different number of scenarios.

5.6.2 Network Structure

Instead, to test the influence of the network structure, networks are generated procedurally, ac-
cording to the process described in Appendix where the networks are reflected to obtain in
part the aspects of the case study network, while remaining distinct from each other. A correlation
matrix between the features can be found in Appendix [D.3] The networks are solved at a smaller
scenario size, branching four times in stage 2 and 3 respectively (16 scenarios total), to reduce the
chance of the model breaking at outliers. The model was solved under the soft missed demand
constraint shown in Equation (43)) and (46), to ensure the model remained feasible for each sam-
pled network. Each network was run 20 times, to obtain statistically significant results.

A histogram of the natural logarithm of the solve times is shown in Figure 35] The logarithm
of the solve time is displayed, to account for the severe right skewed distribution of the solve
times. Even with the log scaling, the distribution of the solve time is still right skewed, indicating
that the complexity of the network can severely slow down model performance. Therefore, it is of
importance to examine how the network structure impacts performance.
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Figure 35: Distribution of the natural logarithm of the solve times for different networks. The
figure shows that the original solve time is heavily right skewed.

First, the influence of network size was examined by training a linear regression model on
the solve time. Namely, the natural logarithm of the solve time (%), in terms of the amount of the
natural logarithm of the nodes | N | and arcs | A | is estimated, shown in Equation [57)to reflect
the multiplicative nature of the network size, while fitting a linear model. The model was trained
on 80% on the generated networks, while 20% was kept hidden to measure performance.

log(t) = fo + Brlog(| N [) + Bz log(] A|) + € (57)

The trained regressor provides estimations on the coefficients of the exponent of the nodes
and edges. The model obtains the coefficients, significance levels and scores shown in Table [I3]
The tables show that while the influence of nodes is positive and significant, the influences of
the number of edges is negative. This can be explained by the manner of network creation, as
the number of nodes and edges are collinear to each other, such that these coefficients cannot
be examined on their own. By contrast, the performance of the linear model does show that the
network size impacts the solve time of the model, and can explain at least thirty percent of the
variance. However, the RMSE shows that the model can still get the solve time wrong by a full
magnitude.

(a) Regression coefficients

(b) Model performance
Variable  Coefficient p-value Metric  Train  Test
Intercept -2.399 0.000 R2 0332 0462
Nodes 3.013 0.000 RMSE  1.064 0.840
Edges -1.484 1.97 x 1077 : :

Table 15: Linear regression results for predicting log solve time from network size characteristics.
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Besides the network size, the network structure can also influence the solve time. For the
current problem, the network structure constitutes network aspects (see (Newman, [2018]) for an
explanation of the aspects), as well as the percentage of each node type in the network. As the
fractions sum to one, the fraction of compression nodes was omitted to avoid overfitting. A list of
the features considered for the network structure is shown in Table

Table 16: Network features considered for the random forest regressor.

Features

Avg In-Deg. Avg Out-Deg.  Generation %
Cyclomatic Density Junction %
Market % Max In-Deg. Max Out-Deg.
Processing %  Redundancy

To examine whether the structure influences the solve time, a random forest regressor (RF)
was trained on the residuals (€) of the linear regressor, to determine whether the network structure
can provide additional insight into the solve time. A random forest regressor was chosen, as it can
incorporate non-linear behavior of the structure into the prediction of the solve time. The RF is
trained with 500 trees, at max depth of 3 for each tree, and a minimum of 40 samples per leaf,
to avoid overfitting. Nonetheless, the model still overfitted, as shown by the performance of the
algorithm shown in Table [I7] This can be explained by the limited number of networks in the
training data. However, the RF did reduce the MSE, indicating that some of the residuals can be
explained by the structure of the network.

Table 17: Model performance metrics.

Metric  Train Test

R? 0.359 0.074
RMSE 0.852 0.806

As the regressor was trained on several features, it is important to know which features are
drivers of the solve time. Therefore, the feature importance in terms of mean decrease in impurity
(Mean Decrease Impurity (MDI) in Tree Models|2025) is extracted, as well the slope of the partial
dependence (Gupta, 2024).

Figure [36]displays the results for the model characteristics. The figure shows that the percent-
age of junction node presents the highest influence in the model, and shows that the slope is also
positive, indicating that the solve time increases with the number of junction nodes. This is ex-
pected, as junction nodes introduce binary variables into the model, which make it harder to solve.
In addition, density presents an important factor, although the influence is mixed, as the slope is
close to zero. Furthermore, the percentage of market nodes also present a positive influence. This
is also expected, as balancing the gas between a higher number of market nodes causes upstream
effects, which influences the pressure flow relationship, and differs per scenario. Otherwise, the
features provide only a marginal influence, and suggest that besides the size, many aspects of the
network structure might not be relevant to predict the solve time.
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Feature Importance of network characteristics on residual solve time
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Figure 36: Feature importance of the features with partial dependence slope as color.

Therefore, the influence size of the scenario tree and the network are significant and superlin-
ear. Furthermore, the percentage of junction and market nodes provide a positive influence, while
the influence of density is relevant but not necessarily positive. In turn, the size of the scenario
tree and the network structure need to be carefully considered when applying the model to a gas
network.
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“If a man will begin with certainties, he shall end in doubts; but if he will
be content to begin with doubts, he shall end in certainties.”

— Francis Bacon

6 Conclusion

This thesis examined the integration of non-linear pressure and gas quality constraints in a stochas-
tic linear program to examine the benefits of hydrogen blending in a pipeline network. The model
was then applied to a stylized case study, to examine the impact of policy measures on hydrogen
blending, sensitivity analysis on the policy measures, and the influence of modeling aspects on
the solve time and value of stochasticity. Together, the experiments give rise to policy insights as
well as methodological guidance for future applications of the modeling framework in hydrogen
infrastructure planning.

6.1 Policy Measures

It was found that hydrogen blending can be stimulated by a subsidy, which, given sufficient pro-
duction capacity, needs to be sufficiently high to make hydrogen blending economically viable.
For the case study, the subsidy needed to be at least 30€/Mwh to have an impact and 45€/Mwh
to obtain the highest net welfare effect. In addition, a positive net welfare effect can be generated
when introducing a subsidy, when considering the cost of carbon. Instead, putting an obligation
on the TSO to inject a minimum amount of hydrogen blending creates a slightly net welfare ef-
fect, but greatly limits the amount of possible hydrogen blending. The effect is smaller because
the measure must be uniformly applied to each scenario, which limits the flexibility of hydrogen
blending between scenarios.

There are also limitations to the possibilities of hydrogen blending. Increasing the subsidy
beyond a threshold can reduce the added welfare effect, as natural gas is instead routed to markets
where a higher percentage of hydrogen blending is allowed. Furthermore, the possibility of hydro-
gen blending is limited under market restrictions, as the strictest market connected to an upstream
junction determines the fraction of allowed hydrogen to be blended for all other connections to the
junction. Cross-collaboration between markets is therefore necessary. In addition, a limitation can
be found in the entry-exit booking, where uncertain gas routing can limit hydrogen production,
resulting in overbooking of capacity for hydrogen blending.

6.2 Sensitivity Analysis

In addition, for the investigated policy measures, sensitivity analysis was executed on several
parameters. Stricter technical limitations were examined, which showed that pipe limitations are
binding on the possibilities of hydrogen blending. Closing a pipeline can in specific instances
increase hydrogen production, although the influence is usually negative. Increased price volatility
increases the objective, but lowers the CVaR. In addition, the increased volatility reduces the
influence of hydrogen subsidy, and postpones the amount of bought entry and exit capacity to later
stages.
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6.3 Scalability and Stochastic Value

Finally, the scalability and stochastic value of the model was examined. It was found that the solve
time scales superlinearly in the number of scenarios, while there exists no difference in solve time
between branching in the second and third stage of the stochastic program. The network structure
also presents influence on the solve time of the model. A trained regression model showed that
the network size has a positive influence on the solve times. In addition, the network structure
provides additional influence on the model, where the ratio of junction and market nodes increase
the solve time, while density has a mixed influence, noted that the trained model had weak perfor-
mance.

It was found that the VSS is generally low at 0.3%-0.5% of the objective, but not negligible.
Furthermore, increasing the scenario tree has a positive effect on the value of the stochastic solu-
tion, indicating that sufficient scenarios are needed to capture the full uncertainty. Equivalently,
the EVPI is also low at 0.06%-0.12%, indicating that the stochastic program is able to optimize
for most of the considered uncertainty. Therefore, extending the model to a stochastic formulation
is beneficial in optimizing gas network with entry-exit capacities.
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“Sensation furnishes the mind with ideas, reflection gives us ideas of its
own operations.”

— John Locke

7 Discussion

The conclusions of the thesis demonstrate that hydrogen blending can provide a substantial im-
pact on the Norwegian Continental Shelf, as well as the applicability of the underlying stochastic
model. To ground these findings, this section will relate them to existing literature. In addition,
this section deliberates on the limitations of the model, case study and experiments respectively.
Finally, possibilities for further research are discussed.

7.1 Relation to existing literature

The conclusion gave rise to several findings that are substantiated by literature. The stimulation of
hydrogen blending with a subsidy has also been examined by Kanellopoulos et al. (2022, p. 19),
who state that a subsidy between 33-45€/Mwh makes hydrogen blending competitive with the
natural gas market. This is completely in line with current results, where a similar range results
in the highest welfare effect. Sodwatana et al. (2023, p. 1234) show similar findings, where after
a conversion of units, a minimum of approximately 31<€/Mwh is required to stimulate hydrogen
blending, which also corresponds to the current findings. In addition, they examine a hydrogen
obligation, which also showed that hydrogen is exactly blended at the limit, as it is not economi-
cally viable. In addition, the positive net welfare effect from subsidies is substantiated by (Klatzer
et al.,2024), who observed a decreased system cost when including carbon pricing.

Limitations of hydrogen blending are less articulated in the academic literature; rather, they
are embedded within policy documents. Namely, overprovision could become a serious issue, as
hydrogen producers could lose their nominations (Gassco, 2026a, p. 15). In addition, Fleming
(2024, p. 22) notes the fact that cross-market harmonization is required to reach the full benefits
of hydrogen blending, which relates to the limitation that arises from junction nodes.

Kanellopoulos et al. (2022, p. 18) matches the findings of the sensitivity analysis, who sum-
marize that technical limits on pipelines can severely limit hydrogen blending. In addition, the
increase in objective due to an increase in price sensitivity is also measured by Saliba and Dimi-
trakopolous (2019) and Mitrai et al. (2024), who both note the increased arbitrage possibilities.

Finally, the current model uses aspects of the model of Markhorst et al. (2026)), such that the
scalability of both models can be compared. In terms of scenario tree size, the current model
is notably slower than Markhorst et al. (2026), likely due to the inclusion of binary variables in
the operational stage. The VSS is present, and the EVPI is lower in the current problem than in
Markhorst et al. (2026), because storage is not taken into account. To compare the scalability in
network size, the problem can be compared against multi-commodity flow problems (Gendron
and Gouveia, 2017; F. Zhang and Boyd, 2025), which are easier to solve as they are not stochastic
problems. The current problem is notably more complex and has a slower base solve time, but
scales better in the number of nodes compared to the multi-commodity flow problems.
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7.2 Limitations

This thesis has explicated how to construct a stochastic linear program that incorporates technical
pressure and quality constraints, which was then applied to a stylized case study to illuminate the
benefits of hydrogen blending. However, there are limitations on the research that should be noted
to contextualize the findings. Namely, the developed model has made design choices that limits
the accuracy of the underlying system. In addition, the formulation of the case study might not
fully reflect the conditions on the Norwegian Continental Shelf. Finally, the boundary confines
under which the experiments hold are explained.

7.2.1 Model Limitations

Most modeling choices are substantiated by their existence in previous models. Nonetheless, some
choices might not reflect the decisions of the TSO precisely. An example of this can be found in
the operating pressure increases at compression nodes. The compressibility factor was determined
to be fixed for every compression node, to compute the fuel consumption constants associated with
compression. Although this choice is also made by Tomasgard et al. (2007), it does not reflect the
decisions of the TSO, where compression factors can be chosen day by day (Wong and Larson,
1968; Das et al., 2025). Therefore, the compression constraints in the model could be improved
upon.

In the model, it is also assumed that booking in an earlier stage is beneficial. This can be arti-
ficially modeled by increasing the cost of booking in later stages, to encourage booking in earlier
stages. In actuality, booking does not become expensive closer to the delivery date, but instead,
less capacity is available in later stages, which encourages suppliers to book earlier. Therefore, the
current model can only simulate this behavior by tuning the price increases of the booking cost in
later stages, but might not reflect actual behavior, due to the difference between formulation and
actual booking process.

In addition, the booking market was viewed solely from the perspective of the TSO, while sup-
pliers actually book capacity. This introduces limitations, as the decisions by suppliers might not
align with the social welfare driven goals of the TSO. Under full competition, it was stated that the
absence of strategic behavior could be assumed between suppliers on the booking market, taken
directly from Markhorst et al. (2026). However, in natural gas networks, suppliers might have
substantial market power (Grimm et al., 2019). Strategic behavior arises from this. With market
power, the market price is not merely stochastic, but also influenced by the booking decisions of
the supplier, as they can drive up the price of some markets by delivering less. As this effect is
marginal for interconnected natural gas markets, it can be disregarded for modeling. However,
when hydrogen blending is introduced, the violation plays a larger role. For example, suppose
a supplier controls a large share of the natural gas supply to the market, such that it has market
power, and starts hydrogen production for blending. In this case, the supplier might limit the flow
of gas to certain markets, to make hydrogen blending for those markets financially attractive. Nat-
urally, this has to balance with the allowed blending rate, yielding possibly interesting dynamics.
Therefore, the applicability of the model in a system with strategic suppliers is limited.

Finally, the model itself does not scale very well in some aspects. Namely, the model does
not scale very well in the number of scenarios. This can become a problem for graphs with a sub-
stantial number of market nodes, where a limited number of scenarios might not capture sufficient
patterns of market behavior, and in turn miss relations between markets. The high computational
complexity likely stems from the integer variables in the model, which can slow down the solve
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process. For example, homogeneous splitting introduces integers in the model, which can slow
down model performance, especially when more components get introduced. Therefore, the model
size is limited through its use of integer variables.

7.2.2 Case Study Limitations

The case study derives its characteristics from true to life data on the network and gas markets.
However, through the implementation of the case study, some aspects of the underlying network
in the Norwegian Continental Shelf might be lost. In general, the availability of public data was
limited, as some characteristics of the network are withheld from the public to protect commer-
cially sensitive information and ensure operational security. The most notable examples of this
arise in the production, market and compression node characteristics. For example, the presented
generation costs might not represent the marginal production costs, such that the subsidy thresh-
olds are sensitive to these costs. Therefore, as the data might not reflect the actual network, the
direct actionability of the findings for the Norwegian Continental Shelf remains limited.

In addition to the limited data, the case study is also stylized. In the construction of the net-
work, only pipelines owned by Gassled are considered, which is the largest part of the network
operated by Gassco. This restricts the scope, but allows hydrogen blending to not flow to pipeline
owners who might not be interested in blending. However, in the actual network, there might be
connections between the pipeline owners, which could restrict hydrogen blending further. The
model does already allow for these constraints, however, the implementation might show that
hydrogen blending becomes impossible on the Norwegian Continental Shelf. Moreover, compres-
sion nodes were constructed solely based on their position in the network, which might not reflect
their actual function. Therefore, the applicability of the case study in its stylized form is limited.

Besides the limited representability, the position of the Norwegian Continental Shelf in the
European gas market might not lend itself for hydrogen blending. As shown in the thesis, hydro-
gen blending requires cross-collaboration between exit points in the system to achieve the highest
benefit. As the Norwegian grid is placed at the starting point for a substantial amount of European
gas, this requires a lot of coordination. In addition, the considered hydrogen production plants
are currently not in development and would therefore have to be reconsidered for hydrogen blend-
ing to take fruition. Furthermore, the possibility of liquefying gas for higher transport efficiency
vanishes with blending, as the temperature and pressure required to liquefy blended gas is nearly
unattainable (Peletiri et al., 2019). Any downstream market that wants to use LNG can therefore
not use the blended gas from Norway. The Norwegian Continental Shelf might therefore not be
an ideal target, and selecting a different network characterized by fewer and less interconnected
downstream markets could yield a less complex optimization problem which offers more straight-
forward opportunities for blending.

In addition to the design of the case study network, the surrounding hyperparameters can pro-
duce limitations on the findings. Namely, while the choice of cutting plane points provide accurate
values for the relationship between pressure and flow, the choice of homogeneous splitting points
was limited, to maintain a reasonable solve time. However, a discrete choice between flows can
limit the objective, such that with more finetuned bounds, the objective, can be increased (for a
more detailed explanation, see Appendix [C.3). In addition, the discretization of density bounds
was limited to one bound for the case study, as the influence on solve time is large. Nonetheless,
because these parameters affected the obtained solutions while not being directly attributable to
the case study itself, they constrain the overall accuracy of the model.
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Finally, the scenario tree was sampled rather than constructed manually. As the scenario tree
size is limited, this can lead to asymmetries in the scenario tree, where for example, a market node
only obtains low prices by coincidence due to the sampling, without a counterbalanced scenario
with a high price. These asymmetries could in turn lead to unrealistic first stage booking decisions,
which might resemble actual booking patterns. Another limitation of the current sampling method
is that in its basic form, there exists no correlation between price shocks at markets. However, for
example, the UK market points are likely to be highly correlated, as they serve the same market.
Nonetheless, this choice was made to enable measuring results with some statistical significance as
well as gain more flexibility in the sensitivity analysis, but does come with these added drawbacks.

7.2.3 Experiment Limitations

The experiments are executed with care, and for the most part subsist in changing only a few
aspects of the model. However, some experiments are limited in their scope. Namely, when a
subsidy is implemented, the TSO does not actually benefit, as they do not have a profit motive.
Instead, the subsidy should go to the hydrogen supplier, who benefits from the lower costs. How-
ever, the TSO might not be inclined to allow hydrogen on their network. Therefore, while the
two policy measures of a subsidy and a blending obligation are examined separately in the thesis,
in practice, they might need to be implemented simultaneously in some form to enable hydrogen
blending.

In addition, the current examination of the impact of solve time on the scalability of the
model has some limitations. Namely, for the examination of the influence of the network size,
the collinearity between nodes and edges might have caused edges to have a negative exponent,
while this might not accurately reflect solve time behavior. In addition, the Random Forest ex-
hibits pronounced overfitting, which limits the applicability of the results. In fact, when running
the model on different test sets, while the importance and direction of coefficients remain the same,
the test set performances were not significantly larger than zero, indicating that the random forest
does not necessarily explain the solve time behavior from the network structure. Therefore, the
implications of the influence of the network structure are limited.

7.3 Further Research

Both the findings and limitations of the current thesis show room for further research. Possible
model extensions and adaptations are explored first. Second, additional experiments are illumi-
nated. Finally, other possible case studies are provided that could further drive insight into hydro-
gen blending.

7.3.1 Model Extensions & Adaptations

To increase the applicability of the model, several extensions can be implemented to model differ-
ent aspects of the gas network. First, the inclusion of bidirectional pipelines can be included in the
model, as shown in Appendix[A.T] which would allow to examine networks where gas flows from
two directions, such as the Dutch (GTS, [2026b)) or Italian (SNAM, 2018) gas network. Second,
although not currently necessary, quality constraints on the overall gas mix can be implemented
instead of per component, as shown in Appendix which could allow for additional blending.
Third, storage can be implemented into the model, following Appendix [A.3] However, this would
require an additional time index, which could hinder model performance further.
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Instead, the model can also be adapted, to increase model performance or to better reflect
the decisions of the TSO. First, the discretization of the homogeneous splits may be replaced by
McCormick envelopes (Urban, 2021)), which could speed up computation, at a possible loss of
accuracy in splitting. To obtain a high accuracy and avoid binary variables, tight bounds must be
set on the outgoing flows, which is possible when tight demand exists and is known per scenario,
as gas must flow to fulfill demand. In turn, McCormick envelopes could result in quicker solve
times at high accuracy. The model can also be adapted to circumvent the limitation of fixed
pressure increases at compressors. Namely, a stage 2 variable can be introduced that fixes the
pressure increases for the next day based on a discrete choice, connected with the fuel constants.
Although it may increase solve times, it models an extra TSO decision, better reflecting their
decision process.

7.3.2 Additional Experiments

Besides possible additions to the model, the model can also be utilized in its current form to dis-
cover additional findings. To this aim, several experiments can be developed. The sensitivity
analyses can be extended to account for more changes in the model. Namely, for the closure of
pipelines, only the closure of some pipelines related to hydrogen blending were examined. This
can be extended to any number of pipelines breaking in the system, to measure the resiliency of
the Norwegian gas network. In addition, only complete pipeline closure was examined, though
the impact of hydrogen blending could also be assessed when some pipelines are closed only for
hydrogen. Furthermore, when correlation between prices at market nodes was examined, correla-
tion was given by only one systematic component. However, this can be extended to a correlation
matrix, to identify patterns in gas delivery between the markets on the Norwegian Continental
Shelf.

Moreover, The analysis of how network structure affects solve time can be further extended.
The easiest solution to overfitting is to generate additional networks and solve these, to gain extra
datapoints for in the training and test set, allowing the model to better fit to the actual distribution.
Furthermore, training networks with more variability would also reduce the collinearity between
the nodes and edges of the network, allowing for a better examination of the influence of the size
of the network. Together, these improvements could drive further insights into the scalability of
the model.

Finally, in the case study, the production of natural gas and hydrogen gas is fixed between
scenarios. However, problems at natural gas plants could reduce production, and hydrogen pro-
duction is dependent on electricity availability and prices, and therefore has an added degree of
uncertainty. The model already allows the production limit G, ,,, to be distinct between scenarios,
and can therefore be directly be applied to the model. Uncertain production amounts can produce
additional system instability, which in turn could further illuminate the limitations of hydrogen
blending. It could therefore be relevant to examine uncertain production in hydrogen blending.

7.3.3 Additional Case studies

In addition to changes in the model and the execution of more experiments, other case studies can
also be considered to further substantiate and contextualize the findings. Three additional case
studies should be considered. First, the current case study can likely be restructured to account
for all owners of pipelines on the Norwegian Continental Shelf. This would allow to examine
the full system, which can in turn yield additional insights into the system. However, to limit the
network size, the system can be simplified elsewhere. Namely, the example usage showed that it
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was nearly always beneficial to produce up to the maximum amount, therefore, the upstream parts
of the network can be taken as a given instead, until a routing decision to a market is made. In turn
this would save computation time, without loss to the findings on hydrogen blending.

Second, while the UK currently allows very little hydrogen blending on its network (IEA,
2025), it could present a prime candidate. Specifically, as the UK is primarily a consumer of
natural gas, it is not required to engage in cross-collaboration between markets that Norway is
exposed to. In addition, they employ an entry-exit system that fits directly into the model formu-
lation (Gas, 2022). Therefore, the UK can become an example on how the shown limitations on
hydrogen blending can be overcome.

Finally, the network in France can be used to determine whether the model reflects reality, as
hydrogen blending is already allowed up to 6% in their network and are examining the feasibility
of scaling to 10% (IEA, [2025). In addition, while this would require the implementation of bidi-
rectional pipelines (see Appendix [A.T)), the model is again fit to deal with their entry-exit system
(CRE, [2024).

Together, these case studies would further pinpoint the advantages and drawbacks of hydro-
gen blending within European gas transmission system. In addition, the supplementary model
additions and experiments can provide accuracy and depth to the findings shown in the thesis.
However, this thesis has already suggested that hydrogen gas can provide a substantial impact for
the energy transition. Therefore, the further research can alongside this thesis show that hydrogen
blending is not merely a bonus to the existing energy system, but a meaningful step towards carbon
neutrality.
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A Model Extensions

The following appendices refer to possible model extensions. First, the possibility of introducing
bidirectional arcs is introduced, alongside the needed constraints. Second, possible additional
constraints on the quality of the gas composition are discussed. Finally, the possibilities of the
model surrounding storage are discussed.

A.1 Bidirectional pipelines

On the Norwegian Continental Shelf, the pipelines are only one directional. However, other
pipeline networks, such as the Dutch and Italian network, gas can flow in both directions. Two
problems arise here. First, the components of the gas all have to flow in the same direction, in-
stead of the alignment of the sum. Second, the Weymouth flow does not account for bi-directional
pipelines. To account for these problems, the solution by Tomasgard et al. (2007) can be consid-
ered. They introduce a binary variable, that allows the flow to go in either, but not both directions.
This can be integrated into the current model. First, for a bidirectional arc, the network is extended
into two directional arcs, of which a depiction is shown in Figure The figure shows that when
the variable {4 p = 1 flow can go through that arc, but that the variable that indicates flow in the
opposite direction is therefore zero.

Eap=1

€A =0

Figure 37: Bidirectional pipelines between junction nodes. In this case, {4, p = 1, which indicates
that flow is allowed from A to B.

This can be formalized in the model. For each bidirectional pair of arcs, let a,a’ € A° denote
the set of bidirectional arcs. Let &, ,,, denote the variable that denotes whether flow is allowed for
arc a and scenario m. A summary of the added symbols is given in Table[I§]

Table 18: Notation for bidirectional arc modeling.

Symbol Description Index Range
A° Pair of bidirectional arcs a,a N/A
Eam Binary variable indicating whether flow is allowed on arc ¢ in mode m  N/A {0,1}

Having defined the variable, it is related between the two directional arcs by Equation (58).
Second, for all bidirectional arc pairs and each component, at most one direction of flow is allowed,
which is Ensured by Equation (59). This ensures that components flow together, instead of the sum
of flows where one component flows in the opposite direction.

Co=1—-&y Y a,d € A° (58)
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Second, the constraint between pressures arcs into and out of nodes (Equation (I8))) needs to be
relaxed when one of the two bidirectional arcs remains unused. Therefore, for each bidirectional
arc, Equation (60)), the restriction is lifted if the direction of the edge is unused. With this restriction
lifted, the model becomes feasible again, while accounting for bidirectional pipelines. However,
it should be noted that with the introduction of additional binary variables solving the model can
become slower.

Pa,inm < Pa’ out;m + P&y
Pa,in,m < DPa’ out,m + Péga

n?

} VeeCa,a* € A°d € AT ne N\ N,, me Ms (60)

A.2 Additional Quality Constraints

The model currently only considers restrictions on individual components of the gas mix. How-
ever, when modeling multiple energy components, such as splitting out methane from other carbon
fuels in natural gas, it might be beneficial to put restrictions on the overall composition instead.
To this end, new parameters are introduced, which are shown in Table[I9]

Table 19: Add quality parameters.

Variable Description

B set of quality measures indexed by b
qe? Value per unit of flow of component c of quality measure b

bt Maximum value of quality measure b per unit of flow arriving at node n
Qv Minimum value of quality measure b per unit of flow arriving at node n

These parameters can be used to model other quality requirements, such as the GCV and
the relative density, which can be represented as a linear combination of the components. This
constraint is formulated in Equations (61)) and (62). However, for the chosen components, the gas
mix is piecewise sufficiently constraint, so these constraints are neglected.

SN e, < QYYD fe, Yn€eNg, me Ms (61)
ac A ceC ac At ceC
> Sz O X Y Vi Ny @
ac At ceC ac At ceC

A.3 Storage Extension

To account for fluctuating demands and prices, a supplier can book storage capacity to store gas
in storage for later use when demand is high. Storage can occur in two places. First, storage can
be placed at the nodes, where the silos store gas for later dates (R. G. Egging, 2010; Xie et al.,
2024). Second, storage is possible by storing in arcs, via a process called linepacking (Grimm
et al.,[2019; Klatzer et al.,2024), by maintaining a high pressure at both the inlet and outlet of the
pipe, to keep gas stored in a pipe. However, both Grimm et al. (2019) and Klatzer et al. (2024)
remark that linepacking cannot be achieved with a stationary formulation of gas physics, such as
the model presented here. Therefore, the presented model formulation can only be applied to sta-
tionary storage in silos.
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For both cases, the benefits of storage only present themselves if a time index is introduced,
such that the model can be optimized for the storage over time periods. Note that this would fur-
ther increase the computation time, as the model has to optimize over all scenarios in multiple
periods. However, besides the added time index, the model is already fit to include storage in the
model, utilizing existing constraints.

To illustrate this, Figure [38| shows the modeling of storage, where an artificial node Bs¢ore 1S
introduced, which can take on storage for a later date, while By, handles the regular flow for the
current time period. In this case, the flow is required to be balanced over all time periods for Bgtore,
while for B4, the balance must occur at each time period. The pressure at the storage node
functions as a compressor, where the outward pressure is determined by the incoming pressure
and the flow. Finally, it should be noted that here, node A is a homogeneous splitting node when
the storage happens without processing, and a heterogeneous splitting node otherwise.

Figure 38: Inclusion of storage nodes into the network.

B Additional Case Study Information

This section contains additional information on the choices made for the case study. First, a hierar-
chal view of the network is given from sources to sinks. Second, the parameters on booking costs
and pipeline limits are given for each node and arc respectively. Third, the additional networks are
given that are used for generating the sampled networks.

B.1 Hierarchical Layout of the Network

Figure 39| provides a hierarchical view of the network. The network shows that the market nodes
are at various degrees removed from the market node. Furthermore, in this simplified version, a
high amount of the junction nodes do not have a function, due to the fact that they only link to one
other node. Nonetheless, the representation does give insight into the complexity of the network.
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Hierarchical Network Layout of the Study Case
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Figure 39: Hierarchical representation of the network.

B.2 Arc Parameters

Table 20| describes the flow of all the used pipelines (arcs). The first three represent names of the
columns, including the name in the dataset, the name in the interactive map (Gassco, 2026c)), as
well as the unique id, while the last column represents the capacity limit.
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Table 20: Network arcs with capacities and updated Weymouth constants.

Pipeline Segment name ID Capacity Weymouth const. Closure analysis
Asgard Transport 42" Gas ASGARD ERB, KARST@ 307674 40.0 0.293
Europipe I 40" Gas DRAUPNER E, EUROPIPE-SCP 326340 45.7 0.381 yes
Europipe I 40" Gas EUROPIPE-SCP, EMDEN 327394 45.7 0.378 Yes
Europipe II 42" Gas KARST@, EMDEN 323212 735 0.295 Yes
Franpipe 42" Gas DRAUPNER E, DUNKERQUE 326374 54.2 0.265 Yes
Gjpa Gassrgr 28" Gas GIOA, GIOA-T 406790 18.2 0.236
Kvitebjgrn Gassrgr 30" Gas KVITEBJORN, KOLLSNES 357492 335 0.258
Langeled 42" Gas NYHAMNA, SLEIPNER R 369461 74.4 0.313
Langeled 44" Gas SLEIPNER R, EASINGTON 369498 73.8 0.365
Norne Gasstransport 16" Gas NORNE ERB, NORNE/HEIDRUN T 319132 11.0 0.052
Norpipe Gassledning 36" Gas NORPIPE Y, B-11 319166 44.4 0.419
Norpipe Gassledning 36" Gas B-11, H-7 BP 324844 444 0.415
Norpipe Gassledning 36" Gas H-7 BP, EMDEN 321784 444 0.404
Oseberg Gasstransport 36" Gas OSEBERG D, HEIMDAL HRP 319676 35.0 0.479
Polarled 36" Gas AASTA HANSTEEN PLEM, NYHAMNA 444927 57.6 0.229
Statpipe 28" Gas KARST@, DRAUPNER S 323042 44.4 0.177 Yes
Statpipe 30" Gas STAT-SSTC, KARST@® 313556 21.1 0.182
Statpipe 36" Gas HEIMDAL, DRAUPNER S 322464 30.7 0.398
Statpipe 36" Gas DRAUPNER S, NORPIPE Y 326408 30.7 0.355
Vesterled 32" Gas HEIMDAL HRP, STFERGUS 322532 36.9 0.201
VISUND 20" Gas VISUND, VISUND T 364645 40.0 0.179
Zeepipe I 40" Gas ZEEPIPE-SCP, ZEEBRUGGE 310326 422 0.335
Zeepipe I 40" Gas SLEIPNER R, ZEEPIPE-SCP 321002 55.0 0.325
Zeepipe 1 30" Gas SLEIPNER R, DRAUPNER S 321036 422 0.493
Zeepipe IT A 40" Gas KOLLSNES, SLEIPNER R 323076 40.0 0.383
Zeepipe 11 B 40" Gas KOLLSNES, DRAUPNER E 323110 40.0 0.382

B.3 Node Parameters

Table 21| represents the entry and exit costs that apply to each node. It should be noted that costs
are only incurred when gas is put into or taken off the network, so only generation nodes, market
nodes and the hydrogen production nodes have relevant tariff costs.

Table 21: Network nodes with booking tariffs.

Name ID Lon Lat Type Area Tariff (€/Mscm) Closure analysis
AASTA HANSTEEN PLEM 459032 7.107227 67.055610 Generation O 1731

B-11 277265 4.551625 55.462302 Compression D 3278

DORNUM 286141A  7.326420 53.679700 Market D 3278

DRAUPNER S 271945 2.469756 58.190288 Junction D 3278

DUNKERQUE 286757 2252709 51.046406 Market D 3278

EASINGTON 369424 0.116031 53.659231 Market D 3278

EMDEN 286141 7.189290 53.346200 Market D 3278

EUROPIPE-SCP 286841 4222622 55.706969 Compression D 3278

GIOA 406672 3.904990 61.330194 Generation I 893 Yes
GIOA-T 406731 1.791105 61.136872 Junction I 893

H-7 BP 377218 6.035305 54.509016 Junction D 3278

HEIMDAL HRP 280569 2227316  59.576233  Junction D 3278

KOLLSNES 286729 4.838084 60.545747 Processing E 5718

KARST® 286169 5.268005 59.318135 Processing C 0

NORNE ERB 282221 8.078544 66.029331 Generation H 29623 Yes
NORNE/HEIDRUN T 287261 6.800257 65.095601 Junction H 29623

NORPIPE Y 287065 3.305096 56.504978 Compression D 3278

NYHAMNA 364693 6.947441 62.852606 Processing P 11109

OSEBERG D 280541 2.824046 60.486900 Generation D 3278

SLEIPNER R 277797 1.913921 58.368034 Junction D 3278

ST.FERGUS 286225 -1.825319 57.578706 Market D 3278

VISUND 277685 2467809 61.368775 Generation G 1731 Yes
VISUND T 364607 2.520206 61.072124 Junction G 1731

ZEEBRUGGE 286281 3.229797 51.350508 Market D 3278

ZEEPIPE-SCP 286533 3.299816 54.789494 Compression D 3278




B.4 Additional Networks

Two additional networks are created to determine the scalability of the linear program. First, a
simplified version of the network is created by merging nodes when they are 150 km away from
each other. Furthermore, features were merged to maintain a representation of the original net-
work. Namely, supply capacities and demands were summed when nodes were merged. For each
of the cost components, the average was taken. For the production and allowed market ratio of
hydrogen, natural and CO5 the dominant (highest production or demand) was taken, which was
also applied to the standard deviations and variance on the market. However, the possibility exists
that market demands cannot be met, due to suppliers disappearing. Therefore, the demand burden
was put fully on Equinor for every node. For the edges, the sum was taken over the maximum
flow, while the other parameters were kept the equal to the case study, as they are the same across
all edges. This resulted in the smaller network shown in Figure 40| (a).

Second, a larger network is created by including the arcs managed by all operators, given that
the arc is currently used. The same method was applied to create the network as for the case study.
In the network, if a node or edge already existed, the parameters were copied over from the case
study. If a node did not exist, the needed parameters from the node type were sampled randomly,
to provide the network with the required characteristics. Otherwise, if an arc did not exist, it was
given a max flow of 40, and the other parameters were taken over from the other nodes. This
resulted in the network shown in Figure 40 (b).

Nede Types \ Nade Tipes
Ganeration

Compresson
dunction

(a) Simplified Network (b) Extended Network

Figure 40: Simplified and extended case study network

Besides the two additional variations on the case study network, a hundred networks were
also procedurally generated. First, a number of nodes for the network is decided between five and
forty, to obtain networks of different sizes. Second, the node types are decided. The number of
generation and market nodes is decided first, where it should be at least one, and between 15%-
30% of the total number of nodes, to reflect the three variations of networks corresponding to
the case study. Of the remaining nodes, they are sampled randomly among the remaining types
(Junction, Processing and Compression). Third, network edges are decided by splitting the nodes

vi



into layers, where a layer can only obtain edges from previous nodes. Then, edges are added
and removed, such that the generated network corresponds closely to the case study networks (33
to each type) in terms of the amount of redundant paths (such that gas can flow from a single
point in different ways to the same market), as well as the average path length. At each iteration,
after edges are changed, it was checked whether compression nodes only have one outgoing edge,
and are adjusted otherwise. This resulted in 100 generated networks. Examples of the generated
networks are given in Figure

(a) Hierarchical graph representation (b) Hierarchical graph representation (c) Hierarchical graph representation
of the second network. of the third network. of the eighth network.

Figure 41: Examples of hierarchical graph structures for three generated network instances: 002,
003, and 008. The figures illustrate differences in network topology and node organization.

C Modeling Constants

In this section, the hyperparameters are calculated or derived to be used to generate the results.
First, the trade-offs on hyperparameters are discussed and values decided for the study case for
the Weymouth cutting plane constants, relative density upperbounds and homogeneous splits. In
addition, based on given literature the method to determine the Weymouth constant and Fuel con-
sumption constants are further discussed.

C.1 Cutting Planes

The number of cutting planes and in turn computation time can be reduced by choosing the taylor
approximation points effectively. To this aim, the cutting plane points on the set L are chosen
using Equation (63). Here, ( Py, Pout) represents a point in the cutting plane, Noy, Vi the number
of cutting planes both outlet and inlet pressure individually, and Pin, Pmax apd P#* represent
bounds derived from pipeline pressures. This function ensures that the cutting plane points are
chosen to diminish the deviation of the function from the upperbound. The exponent (x) was
manually tuned and set to z = 10 to ensure that the most steep part of the function has the best

coverage, thereby minimizing deviation.

+ ——— (P — pmin) | k€ {0,..., Now — 1},
Nout -1

L= { (Rmpout) ‘ Pout = P(?Jtin
Pin - 0ut+ (-Piglax_POut) tfnv m e {07"'5Nin_ ]-}7 (63)

m
Pin>Pout7 tm:ﬁe[oal]}

Figure[d2]shows how the cutting plane points are distributed across the relevant pressure range.
For P, ; and P,y there are ten points each, resulting in total a hundred points. The points Py
and provide the baseline over the possible pressure. However, as the function obtains the highest
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curvature when P, ; is only slightly larger than Fy,y;, the points of P, ; are chosen more frequent
around Py; and are more scarce when P, ; is large. Furthermore, note that the points are denser
when Py is high. This was chosen as when the output pressure is high, a slight increase in input
pressure above that value can increase the amount of flow drastically, increasing the need for a
more accurate approximation.

Cutting Plane Points

- 140

140
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120 A L 100

1001 80

- 60
80 A

ol
Linearize approximation values

40

60 A

-20

40 A

40 60 80 100 120 140
Pmr_ I

Figure 42: Grid of cutting plane points and associated values, all pressures are in bar.

Together, these choices allow the model to more accurately approximate the Weymouth equa-
tion, given a fixed number of points. For the base run of the model, the deviations are given in
Figure 3] which shows that the deviations are very often zero, and otherwise very low. Therefore,
creating the cutting plane points with the current method yields an accurate approximation.
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Histogram of Deviations Across All Arcs and Scenarios
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Figure 43: Distribution of flow deviation (%) from Weymouth flow. All deviations are small at
less than 0.5%.

C.2 Relative Density Upperbounds

The relative density upperbounds shown in Equation (I4) enable to model the impact of differ-
ent gas compositions on the flow-pressure relationship, to more accurately represent the pressure
costs. In addition, as hydrogen gas has a lower relative density, the flow increases with a higher
percentage of hydrogen gas given the same pressure difference, which could reduce pressure costs.
However, increasing the number of upper bounds multiplies the number of constraints per arc by
that amount, and introduces additional binary variables to each arc, exploding model size.

Therefore, the amount of density upperbounds needs to be carefully chosen to balance be-
tween model accuracy and tractability. For this thesis, the bounds were chosen in the range given
by EASEE p, € [0.555,0.700]. Besides, the market restrictions by EASEE, these bounds are fur-
ther reinforced by technical restrictions of the network. Hydrogen could only be safely blended up
to 20% on pipelines, which restricts possible densities within the range p € [0.534,0.67]. There-
fore, bounds within the EASEE range provide meaningful upperbounds.

Within this range, density bounds z € Zy were uniformly divided throughout the range. This
means that there exists a bound on every %—2% interval of hydrogen gas blended with natural gas.

To examine the impact of density bounds on the effectivity of modeling gas blends determin-
istic variants of the model were run on the case study. Namely, a single scenario in stage two and
three were sampled 50 times, and solved for different density bounds respectively. The determin-
istic variant was chosen, as incorporating stochasticity significantly slows down solution times,
while being largely unrelated to the operational difficulties, such that it can be disregarded. As
hydrogen remains unused when there is no subsidy in place for hydrogen producers, the impact
was studied for different subsidy values, to show the effect of different density bounds on hydro-
gen production and pressure costs. As the effect is largest when deviation is allowed, the model is
ran at 100% market deviation. To reduce the variance between results, common random numbers
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(CRN) was used across subsidies and density bounds. The resulting averages over the runs were
plotted, with error bars depicting the standard error.

Figure [44] shows that for no subsidy and a subsidy that makes production free, there exists
virtually no difference between the density bounds, as hydrogen gas is not produced when there
is no subsidy, and always produced when it is free. The difference arises for subsidies that make
hydrogen production economically competitive. Here, when the number density bounds increase
to 2, the average hydrogen production increases. This shows that the number of density bounds
reduces the needed subsidy to make hydrogen production viable. Therefore, if the number of
density bounds is kept low, the model provides a conservative estimate of the actual possibilities
of hydrogen blending. However, when the amount of density bounds are increased to 4 or 8, the
average amount of hydrogen does not increase anymore. This is because the upper bounds are
more fine grained, resulting in less exploitation of sudden jumps of bounds. Nonetheless, there is
still an increase in hydrogen production relative to only having one upperbound per arc.

H2 Production vs Density Bounds

20 4

15 4

10 4

Hydrogen Production (Gwh)

Subsidy 0.0

Subsidy 35.0
Subsidy 40.0
Subsidy 80.0

1 2 3 4 5 5 7 8
Density Bounds

Figure 44: Hydrogen production for different number of density bounds and subsidies at 100%
deviation.

Finally, Figure 45| shows that pressure costs do not necessarily decrease, indicating that the
model opts for similar pressure costs, but at a higher total flow due to hydrogen production, as
pipe limits might not have been reached.



Pressure Cost vs Density Bounds

235000

234000

233000 -

232000

231000

Pressure Cost (Euro)

230000

Subsidy 0.0

229000 ! 1 Subsidy 35.0
Subsidy 40.0
Subsidy 80.0

1 2 3 4 53 6 T 8
Density Bounds

Figure 45: Pressure costs for different number of density bounds and subsidies

The solve times were also examined. As the solve time is interdependent with the number of
scenarios, the model was run on sixteen scenarios sampled from the case study, and this was exe-
cuted 10 times to reduce the error in the results. The model was not run on the full 64 scenarios, as
the computing power was insufficient to run that experiment on different density bounds. Instead
it was run with the deterministic variant discussed before. The resulting solve times are shown
in Figure 6] which depicts the amount of upperbounds on the x-axis and the solve times on the
y-axis, and shows that the solve times increase exponentially with the amount of upper-bounds.
Together with the fact that the number of scenarios also increase solve times exponentially, a
choice has to be made between a higher number of density bounds, or more scenarios.
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Solve Time for different amount of upperbounds
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Figure 46: Solve times for different number of upperbounds on the case study network for sixteen
scenarios, with the error bars depicting standard error over 20 runs.

For the main experiments, only one density bound was chosen at p, = 0.7, to allow for a
larger amount of scenarios, and in turn, a more stable model. Therefore, the amount of produced
hydrogen is slightly underestimated for a given subsidy, but has increased accuracy through the
number of scenarios.

C.3 Homogeneous Splits

The amount of allowed homogeneous fractional splits, used in Equation (30) per arc allows the
model to better divide the incoming flow across outgoing arcs more easily. The more fine-grained
the division, i.e. the amount of allowed splits, the higher the objective can become, as gas can bet-
ter be split among arcs. However, the amount of splits also increases computation time, as binary
variables are introduced for each split, making the model more difficult to solve. To show this
behavior, the model was run for 6 allowed fractions (for each arc the possibility {0,0.2.,...,1})
up to 26 allowed fractions on the case study model, each with 16 scenarios branched four times in
both stages. The model objective and solve times are shown in Figure [47] and 48] where the error
bars describe the standard errors for the respective figures. Figure 48| shows that the solve time
increases exponentially with the amount of splits, and should therefore be restricted. However, the
figure on the left shows that with 11 splits per arc, the objective does not notably increase anymore.
Therefore, the amount of splits was chosen at 11, and divided homogeneously from [0,1] for each
arc, such that the fractions always sum to 1 for each choice of division.
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Figure 47: Objective values for different num-  Figure 48: Solve times for different numbers
bers of splits on the case study network for six-  of splits on the case study network for sixteen
teen scenarios on a personal machine. 20 runs  scenarios on a personal machine. 20 runs were
were executed per value executed per value

C.4 Weymouth Constant

The Weymouth constant, as obtained in Equation [I] is determined by several factors. Table 22]
denotes the symbols that make up the Weymouth constant, while Equation (64) shows how to
derive the constant, both derived from Egging-Bratseth et al. (2025)). In the model, C' is a constant
found in observation and E,, denotes how efficient the pipeline is, with a perfect pipeline obtaining
a factor of 1, and is derived from the case study from examples of Menon (2005, p. 62). The
diameter of the pipe D, is multiplied by an empirical exponent of 22, as the flow is positively
influenced by the diameter. In contrast, the temperature of the gas reduces the flow. This is
expected, because hot gas contains more volatile particles that exude more pressure at the same
mass. In addition, the gas composition denotes the relative density and the gas compressibility
factor, and a higher value reduces the flow. The relative density indicates less mass at the same
pressure level by definition, and is taken into account for gas compositions due to the differences
between natural gas and hydrogen gas. The gas compressibility factor also depends on the gas
composition, but for low percentages of hydrogen shows little impact on the factor (Li et al.,
2024). Therefore, it was assumed fixed, also derived from examples of Menon (2005} p. 62).
Finally, as the pipe gets longer the flow is reduced, which is expected as more distance has to be
crossed with the same amount of gas, requiring more energy (pressure). Since the diameter and
length of the pipe influence the constant, they were derived per pipe. The full list of Weymouth
constants K are given in Appendix

Table 22: Symbols and parameter definition for the stan-
dard volumetric flow formulation. *Value converted
from Menon (2005)) to measure flow in Mscm. ** Com-
pressibility factor is the ease to compress gas, not the
pressure increase at compressors.

TstdCEa (Da)n
Symbol  Description Unit Value Ka = (64)
Y P sV 1 Z Lg

C Empirical constant - 3.7435 x 1079 *

E, Pipe efficiency factor - 0.95

D, Pipe diameter mm - K,.= a (65)

b

T Standard temperature K 288.15 \ Pz

Pstd Standard air pressure bar 1.01325

T Ambient gas temperature K 288.15

Pz Gas relative density (chosen upperbound) m?/m? -

L, Pipeline length km -

Z Gas compressibility factor** - 0.9

n Empirical exponent - 2%
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In addition to the Weymouth equation, there exists a more recent equation, the Panhandle
Equation (Menon, [2005; Das et al., [2025), which uses slightly different exponents than square
root and sets n = 2.61. However, for the current estimation model, the Weymouth equation works
sufficient.

C.5 Fuel Consumption Constants

Hoeven (2004) proposed a method to linearize the fuel consumption of a compressor. They found
that for any compressor, the nonlinear relationship with  (see Equation (2))) can be omitted. The
linearization requires the normal operatorship (average over time) of the pressure coming from the
arcs to the node p, out, into the outgoing arc p, i (discharge pressure) and the flow fg These
constants provide the relationship between flow and pressure and allow for the linearization in the
input pressure, the outlet pressure, and the flow. The relationship is defined in Equation (66). The
equation shows that the effect of the discharge pressure and the flow is positive. This is expected,
as the amount of gas being pressurized and the amount of pressure it increases is increase the
fuel consumption. A higher pressure into the compressor affects the fuel consumption negatively.
Together, these equations form the fuel consumption for each compressor in the network. For
each of the compression nodes in the case study, the normal operatorship of the outlet, inlet and
flow values, the first scenario from Ngrstebg et al. (2010) was used to determine the inlet pres-
sure and the normal flow. The values for each compression node are respectively p, out = 100
bar, pg/in = ﬁmoutpn bar and ) ceC fg, = 25. As the flow for hydrogen gas and COs are not
considered in Ngrstebg et al. (2010), the fractions were chosen using the mode of the fractions
in the gas composition of generation nodes, such that f’gQ = 0 while ng = 25 0.98 and

02 = 25-0.02 = 0.5 (see Table[g).

However, Hoeven (2004) and Ngrstebg et al. (2010)) both mention a constant that is multiplied
(k), but does not provide their used parameter values or definitions. For the current problem, the
compressibility factor, standard pressure, ambient and standard temperature are kept consistent
with the values used for the Weymouth constant (Table 22)). Furthermore, the compressor adheres
to an efficiency 7, which was chosen at n = 0.72, following the case study of Das et al. (2025)).
This yields the values shown in Table[9]

pstal z
= 66
36007 Taz (662)
— . 7Cl
RNy - (66b)
(gpa,out + gpa’,in)
= rc
¢ out = ko ;f “ (66¢)
(gpa,out + gpa’,in)
ng — ]3a,in — Pa’ out (66d)

2 1=
3Pa,out + 3Pa’ in

D Additional Results

In the following section, additional results on the executed experiments are given. First, the exam-
ple usage on the results is shown for a manually created scenario tree. Second, the VSS and EVPI
are explored further. Finally, additional results of the solve time matrix are shown.
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D.1 Fixed scenario tree

In the formulated case study, scenarios are sampled based on random distributions, and ran mul-
tiple times to account for more unbiased randomness. However, as the scenarios are not sampled
symmetrically, some of the non-anticipativity is lost, as prices in one part of the scenario tree can
coincidentally rise together, yielding the model to superficially know that part of the scenario tree.
To measure the impact of this behavior, an alternative fixed scenario was created and applied to
the main results.

The creation of the scenario tree follows a similar structure to Markhorst et al. (2026)). In
stage two, the contracted demand at German markets and UK markets can either go up or down by
twice the respective standard deviation (see Table[I0), such that it represents the realistic edges of
possible demands. As there are two markets that can deviate up or down, this yields four possible
scenarios for the demands, such that | My |= 4.

Second, instead of the movement of all prices, the price movement was limited to deviation
within each country. Namely, the markets are divided based on the country of origin shown in
Table [I0] and the price can either rise or decline by twice the long-term standard deviation. The
short-term standard deviation is neglected in this case. In turn, the third stage obtains | M3 |=
64. Together, this yields the possible demands and prices shown in Table Note that in this
case, only the extreme scenarios are examined, and standard occurring intermediate scenarios are
neglected, yielding a large part of the uncertainty unexplored. Nonetheless, it can be used to
generate some example results.

Table 23: Demand and price realizations by market

Market Demand Realizations (Gwh) Price Realizations (€/Mwh)

Emden 25+ 15 28+ 5.6
Dornum 25+£15 28 £5.6
St. Fergus  12.5 £ 7.5 26+ 7.8
Easington 12.5+£7.5 26+ 7.8
Zeebrugge 25 29 £5.8
Dunkerque 50 30£6.0

D.1.1 Example Usage

To give an idea of the similarity between the results with random sampling, the example usage is
repeated here. First, the entry and exit distributions are examined. Figure [49]shows that the entry
flows are still fixed, while the outflows are again unstable. Most markets have the same outflows,
however, the edges are more varied, corresponding to the fact that only the extreme scenarios are
considered.

XV



MNetwork Inflow per Node . Metwork Outflow per Node

utdiow (Mscm|

aficw (Mscrn)

ATTE RANETEER AN osEmERE 0 winn e emE e [ memmcr eI e T = runien
Hoda Hoda

(a) Net inflow (Mscm) into the network from generation (b) Net outflow (Mscm) out of the network to market
nodes. Inflow is again stable. nodes. Outflow is again unstable.

Figure 49: Net inflow and outflow distributions for fixed scenario trees

Second, a comparison of entry and exit capacity bought per stage and node is shown in Fig-
ure[50} As price is only revealed in the third stage, but bears no relation with the stage two branch,
most of the exit capacity is now only bought in stage three as the prices are more variable between
scenarios, even though it is the day-ahead, and the change between intra-day and day-ahead prices
are usually not large. Therefore, the sampling technique presented in the main section results in a
more accurate depiction of booking behavior.

Entry Capacity Bought per Stage : Exit Capacity Bought per Stage

Entry Cagacity (Msem|

Noda tode

(a) Entry capacity per node (Mscm). The entry capacity (b) Exit capacity per node (Mscm). The exit capacity is
is bought in the first stage mostly, which is related to the bought mostly in stage three, corresponding to the high
stable inflow. price fluctuation

Figure 50: Comparison of entry and exit capacity per node for the fixed scenario tree
In addition, the pressure distribution for the example arcs can be compared against the ran-
domized sampling. The corresponding distribution is shown in Figure 51} Again, the results are

nearly identical, although the outermost tail to the compression point (H7) obtains a more right
skewed distribution here, instead of the bi-modal distribution.
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Inlet and Outlet Pressure Distributicns
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Figure 51: Distribution of inlet and outlet pressures (Bar) for 3 example arcs for a fixed scenario
tree.

Finally, the distributions of the revenue and costs can be examined, which is shown in Fig-
ure[52] The figure shows that the spread between the scenarios becomes larger, resulting from the
extreme scenarios pulling the objective apart between scenarios.

Revenue Distribution Caost Distribution
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Figure 52: Distributions over the scenario of revenue and costs (Million €). The revenue is a
degree higher than the cost, but is also more varied across scenarios.

Therefore, this choice of uncertainty results in more varied scenarios, due to the inclusion of
solely extreme possibilities. In addition, the uncertainty on price yields the most consideration, as
demand is only changed in four different ways.

D.2 Stochasticity Results

As discussed, computing the EVPI for fractional percentages of deviations is uninformative as it
shows the benefit of deviation in each scenario, rather than the benefit of deciding based on the
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knowledge of the scenario. To avoid this behavior, the Conditional Expected Value of Perfect
Information (CEVPI) is employed. The CEVPI uses a partial wait and see on chosen long-term
decisions, while the remaining are given a conditional value. In this case, the entry-exit decisions
remain under wait and see for each scenario, but the scenarios with deviation are conditioned upon,
based on whether the main stochastic solution chose that scenario to allow deviation, denoted by
the decision variable ¢7,. The CEVPI for the current problem is formulated in Equation

CEVPI = E,c [max O(z™,m) | 5;;] —0 ©7)

Using this equation, the VSS, EVPI and CEVPI were calculated for each of the explored frac-
tional deviations. This results in Figure The figure shows that the EVPI grows exponentially
in the subsidy, as it becomes more worth deviating from the quality restrictions. Instead, when
the deviation is fixed per scenario, the CEVPI actually decreases slightly when the subsidy be-
comes larger. This could be from the construction of fixing the scenarios, instead of optimizing
separately. However, fixing the deviation yields a CEVPI value similar to those found when the
deviation is 0% or 100%. This indicates that the CEVPI can more accurately depict the value of
perfect information for capacity booking.
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(c) Deviation 20%. The results for the €70/MWh subsidy case with 64 scenarios are not included, as one of the
runs could not be solved within the allotted experiment time due to solver convergence issues. Consequently, the
corresponding outcomes could not be reported.

Figure 53: Comparison of VSS, EVPI and CEVPI under different levels of allowed deviation.

D.2.1 VSS and EVPI Test explanation

The Mann-Whitney U-test can compare different groups, without a requirement on the underlying
distribution of the sample. As the VSS and EVPI are non-negative quantities, normality cannot
be assumed, which makes this test the appropriate choice. The test statistic U is calculated by
Equation [68] where n; resembles the sample size of group ¢, and R; is the sum of ranks for group
i. The current test is to determine whether different amount of branches in stage 2 yield unequal
VSS and EVPI values. The different amount of branches that are tested are compared against each
other.

ni (’I’L1 + 1)
2
Since multiple groups are compared, the p-values have to be corrected to reduce the family

wide type one error rate. To be conservative, Bonferroni correction is applied (Weisstein, 2026a),
which divides the significance level by the number of tests (/m), which equivalently gives, for a

1
U = min <n1n2 + — Ri,nino + M — Rz) (68)

2
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family wide p-value (pyaiue ), the experiment p-value mpyae. Together, this gives the results shown
in Table [T4]

D.3 Solve Time Results

Figure [54]displays a correlation heatmap of the features. The heatmap shows that nodes and edges
provide the highest correlation with the log solve time. Instead, the density has a very negative
correlation with the solve time.

Correlation Heatmap (Perfectly Correlated Features Removed)
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Figure 54: Correlation heatmap of the network features
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