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ARTICLE INFO ABSTRACT

Handling editor: B Shabani Hydrogen blending into natural gas networks is a promising pathway to decarbonize the gas sector but requires
bespoke fluid-dynamic models to accurately capture the properties of hydrogen and assess its feasibility. This

Keywords: paper introduces a generalizable optimal transient gas flow model for transporting homogeneous natural gas-

Hydrogen

hydrogen mixtures in large-scale networks. Designed for preliminary planning, the model assesses whether a
network can operate under a given hydrogen blending ratio without violating existing constraints such as

. pressure limits, pipeline and compressor capacity. A distinguishing feature of the model is a multi-day linepack
Hydrogen blending S . R . .
Linepack management strategy that engenders realistic linepack profiles by precluding mathematically feasible but
Transient model operationally unrealistic solutions, thereby accurately reflecting the flexibility of the gas system. The model is
demonstrated on Western Australia’s 7560 km transmission network, using real system topology and demand
data from several representative days in 2022. Findings reveal that the system can accommodate up to 20 % mol
hydrogen, potentially decarbonizing 7.80 % of gas demand.

Pipeline optimization
Gas network modelling

Nomenclature (continued)
T: Temperature [K]
Latin Symbols p: Discretized nodes pressure [Pa]
A: Pipe cross-sectional area [m?] P: Real nodes pressure [Pa]
A% SRK coefficient [-1 r: Pressure ratio [-]
B SRK coefficient [-1 R: Gas constant [J/(moleK)]
c Specific cost [$/MJ] SG: Specific Gravity [-]
C: Capacity [TJ/d] t Time [s]
D Pipe diameter [m] v Vector of variables [-1
f: Friction factor [-1 w: Power [MW]
HHV: Higher heating value [MJ/Sm®] ¥ Molar fraction [-]
J: Number of discretized segments [-] Z: Compressibility factor [-]
L: Pipe length [m]
LHV: Lower Heating Value [MJ/Sm?]
Lp: Linepack [MJ] Greek Symbols
M: Molar mass [kg/kmol]
N: Number of days [-1 p: Density [kg/m’]
m: Mass flow rate [kg/s] v Isentropic exponent [-]
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(continued)
n: Efficiency -
: Linepack term -
e Roughness [m]
Sets
c: Compressors
z: Days
N Nodes
P Pipes
I Suppliers
T Timesteps
7 Discretized nodes

Subscripts and Superscripts

ave: Average

c compressor (W,#,)

D Demand

f Fuel

g Gas

ij Node indexes

ij Pipe-compressor indexes

loss Losses

mass Unit of mass (HHVmass, LHV gss)

pm Prime mover

s Supply

std Standard

th Gas energy flow rate

u Universal

YH2 Hy molar fraction

x Discretized nodes index
Acronymous

AEMO Australian Energy Market Operator

Cs Compressor station

DBNGP Dampier to Bunbury natural gas pipeline

GFG Gas-fired generators

GGP Goldfields gas pipeline

NG Natural gas

NPK Nikuradse-Prandtl-von Karman

OGF Optimal gas flow

PDEs Partial differential equations

SRK Soave-Redlich-Kwong

TGP Telfer gas pipeline

WA Western Australia
Constants

Tya: 288.15 [K]

Dstd 101325 [Pa]

Ry 8314.5 [J/(moleK)]

Rair 286.71 [J/(kgeK)]

4 1.35 [-]

e 0.8 [-]

Mpm 0.3 [-]

1. Introduction

Natural gas (NG) plays a significant role in global energy systems.
Primarily utilized for heating, industrial processes, electricity genera-
tion, and as a fuel for vehicles, its applications are widespread and vary
by country [1]. Its popularity stems from being a relatively cleaner fossil
fuel compared to coal and oil. However, as concerns about climate
change and greenhouse gas emissions have grown, the role of NG in the
energy transition has become a subject of debate [2,3]. One of the op-
tions considered to phase out NG concerns the establishment of a
hydrogen (H;) economy, which could represent a green alternative
capable of retaining some of its advantages, such as the ability to be
stored and transported over long distances in gaseous or liquid form [4],
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making it a preferable investment choice than power cables for high RES
capacities transmitted over medium to long distances [5,6].

Blending Hj into the current network infrastructure is a potential
strategy to boost the development of the Hy economy and reduce
dependence on NG. Numerous projects worldwide are supporting this
initiative [7,8]. Nonetheless, the distinct thermochemical properties of
NG and H; pose challenges concerning gas quality at end-users [9],
material compatibility due to hydrogen embrittlement [10], increased
leakage risk [11], and the fluid-dynamic variations affecting the oper-
ations of pipelines, compressors, and regulating stations [12,13].
Localized Hy injections may result in complex evolutions of the gas
composition in the downstream flow [14-18], necessitating significant
investments in sensors and meters to control gas quality in topologically
complex networks. In this scenario, hardware investments must be
coupled with computationally intensive fluid dynamic models able to
track Hp [19] and control strategies to maximize the Hj injection and, at
the same time, comply with quality limits at the end-users [20,21].
Recent studies have proposed advanced modeling approaches to address
these challenges. Clees et al. [22] presented a high-fidelity simulation
framework for hydrogen injection in long-distance pipelines, using
non-isothermal transient models and GERG-2008 to capture gas prop-
erty variations. Zhou et al. [23] investigated an electricity-gas-hydrogen
coupled system for Ireland, demonstrating how hydrogen blending can
support the integration of renewables and reduce emissions. Similarly,
Qiu et al. [24] developed an integrated optimization model for
electricity-gas systems, highlighting the impact of hydrogen on gas dy-
namics and proposing advanced control strategies for safe and efficient
operation. Given the complexity of controlling and coordinating the
injections, if technically feasible, operators could benefit from uniformly
pre-mixing Hy and NG at network entry points, such as gas fields, import
points, entry stations, or pipelines, to ensure a consistent composition
downstream. However, maintaining a constant Hy mole fraction in the
downstream gas flow can address the quality control problem, but it
does not ensure compliance with the network’s fluid-dynamic con-
straints, such as offtake pressure and compressor capacity [25].

Hence, to assess the feasibility of transporting homogeneous NG-H;
blends, it is essential to develop gas network models that can accurately
capture the fluid dynamics. These models can be essential to help
decision-makers make informed choices about the green transition of
gas networks. In light of this need, several works presented steady-state
models to investigate the fluid-dynamic consequences of transporting
NG-H; blends [25-29]. These studies highlighted several fluid-dynamic
issues such as larger gas flow rates and velocities to meet the same en-
ergy demand [25,26,28,29], reduced pipeline capacity [26,28,29],
higher pressure losses [25,27-29], and power consumption at
compressor stations [29].

However, steady-state models cannot capture the inherent dynamics
of pipelines caused by variable demand (slow transients) or the closing
of valves and compressors shut off (fast transients). Therefore, to capture
dynamic phenomena, authors proposed transient gas flow models for
homogeneous NG-Hj; blends [30-33].

The models presented in Refs. [30-33] were tested considering
several NG-H; homogeneous mixtures on fictitious pipeline systems [31,
32] or real but topologically simple pipeline sections such as a part of the
Yamal-Europe gas pipeline [30] and the Greenstream pipeline [33].
Cavana et al. [33] showed that for H, molar contents higher than 5 %
mol, pressure at the offtake point of the Greenstream pipeline fell below
the required technical minimum. Furthermore, Uilhoorn [30] affirmed
that the pressure drop increase, in conjunction with the Hs-induced
linepack decrease, may present difficulties in the short-term balancing of
supply and demand. Elaoud et al. [32] analyzed a transient scenario
caused by the sudden closure of delivery nodes with a linear closure law.
The findings indicate that transient pressure waves generated by the
valve closure in Hy and NG-Hy mixtures reach higher pressure values
than those of NG, posing risks in overcoming the maximum allowable
operating pressure of the pipeline [32]. Guzzo et al. [34] presented a
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quantitative analysis of the relationships between variations in key gas
properties, including compressibility factor, higher heating value and
specific gravity, and changes in pressure loss, linepack, and compressor
consumption. The results show that increasing hydrogen blending leads
to sublinear increases in the compressibility factor, linear decreases in
volumetric higher heating value and specific gravity, and, consequently,
a nonlinear and non-monotonic increase in pressure losses, greater
compressor power consumption, and a reduction in linepack capacity.
Furthermore, in the analysis, the authors highlighted that Hy presents a
faster dynamic response to demand variation compared to NG. The re-
sults showed also that Hy induces larger pressure swings, thereby
underscoring the potential risks associated with pipeline fatigue failure.

The literature presented so far represents state-of-the-art fluid-dy-
namic models capable of accurately simulating homogeneous blends of
NG and Hj. A common finding across these studies is that transporting
NG-H; blends often leads to fluid-dynamic challenges such as offtake
pressure exceeding constraint limits under given boundary conditions.
However, due to their intrinsic nature, simulation models can simulate
problems under specific boundary conditions but are not suitable for
comprehensive feasibility studies on large-scale systems. Conducting
such studies with simulation models requires computationally intensive
parametric analyses to investigate the feasibility of operating the system
within the space of acceptable solutions defined by existing constraints.
Hence, to conduct comprehensive Hy blending feasibility studies on
complex systems, such as real gas transmission networks, fluid-dynamic
models must be embedded in optimization frameworks.

This work presents a generic model to conduct fluid-dynamic feasi-
bility studies on Hy blending in real networks considering a multi-day
gas network operation scheduling horizon. Gas network operation
scheduling problems involve coordinating the activities of compressors,
suppliers and pipelines to ensure the efficient, safe, and reliable trans-
port of gas. From the perspective of pipeline operators, operation
scheduling tasks translate into optimization problems aimed at mini-
mizing fuel costs or maximizing throughput in pipeline transmission
networks, as well as addressing short-term storage issues like line-
packing management [35-37], subject to gas network operational con-
straints. Fuel cost minimization problems typically involve the mini-
mization of compressor power [38,39] or fuel consumption [37,40,41].
Instead, market operators have the primary objective to ensure equitable
and transparent access to the gas transportation network. They are
therefore recognized as neutral entities who undertake the operation
problem of allocating pipeline capacity to pipeline operators to mini-
mize resource consumption while also upholding system safety [42].

In literature, the neutral operator perspective is adopted in the
context of optimal gas flow (OGF) models embedded in the coordinated
operation of NG and electricity systems problems, where the perspective
of the neutral operator aligns with that of regulatory entities responsible
for impartially coordinating and regulating network operators [16,18,
43-45]. The complexity of modelling OGF problems lies in the strong
nonlinearity of the constraints. Most authors simplify the optimization
problem through steady-state gas flow models [18,36,37,40,41,46] but
only transient or quasi-dynamic models [38,39,44,45,47-49] can cap-
ture the dynamic of the network. Modelling the pipeline dynamics is
essential to capture linepack, which plays a crucial role in balancing
intraday supply and demand mismatches in real systems [49]. However,
implementing transient models without constraining linepack in OGF
problems can lead to misleading results. In fact, linepack can be inter-
preted by the model as a zero-cost source of NG and therefore preferred
over supply sources to minimize the gas supplied. Relying on linepack to
meet demand instead of directly supplying gas results in a reduction in
network pressure, thereby diminishing the system’s capacity to handle
unforeseen events. Nevertheless, only a limited number of works
considered linepack constraints in the operation scheduling problem
[16,47-49]. Posada et al. [47] included among the constraints a line-
pack target for the end of the day, while Ameli et al. [48] imposed a
penalty cost to linepack usage in the optimization function.
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Furthermore, it is noteworthy that a limited number of the previously
mentioned OGF models can handle NG-H; mixtures, either for homo-
geneous flows [36,50] or in tracking algorithms [16,18]. Among these,
only Mhanna et al. [16] implemented a transient gas flow model, but the
authors only evaluated linepack without incorporating any target into
the optimization function. This is evidenced by the linepack reduction
observed in their results at the end of the optimization horizon.

In light of this background, there is a need for a modelling framework
capable of properly assessing the feasibility of transporting NG-Hj
blends in large scale networks considering linepack constraints. To
address this gap, this work presents an optimization framework for gas
transmission networks that incorporates an isothermal transient gas
flow model for horizontal pipelines transporting NG-Hs homogeneous
blends. The model explicitly accounts for the physical properties of the
mixture, compressibility factor, density, and higher heating value,
which are modelled as functions of the hydrogen concentration. This
ensures that the fluid-dynamic effects associated with hydrogen
blending are consistently represented within the optimization formula-
tion. The proposed isothermal formulation and horizontal pipeline
assumption are well suited for networks with characteristics such as
buried pipelines in flat terrain and high operating pressures. In other
contexts, such as networks operating at lower pressures with significant
elevation changes, large seasonal or spatial temperature variations, or
multiple hydrogen injection points, non-isothermal formulations,
inclined-pipe models, or compositional tracking algorithms may be
required. The generic optimization framework presented here can
accommodate such extensions, although these would entail greater
model complexity and additional data requirements. Moreover,
although the optimization is conducted from the perspective of a neutral
operator, the model is general and can be adapted to different stake-
holders’ perspectives by modifying the optimization function. To cap-
ture realistic network operation, the model includes a gas supply
strategy aimed at minimizing the use of resources ensuring the contin-
uous system capacity to cope with unforeseen events by also minimizing
the linepack difference between the beginning and end of each day.

From a modelling perspective to the best of the authors’ knowledge,
this is the first work.

e presenting an optimization framework embedding a transient gas
flow model for homogeneous NG-H; mixtures that also considers
linepack constraints in the scheduling problem. A replicable case
study is used to compare the results of the OGF proposed to those of a
standard OGF that minimizes only the gas supplied. The aim is to
demonstrate that incorporating linepack management strategies in
the OGF model is crucial for mirroring realistic network operations.
This ensures a consistent level of flexibility at the end of the gas day,
avoiding solutions with unrealistic progressive linepack reductions
obtained with standard OGF models.

Presenting a transient OGF model developed to study the feasibility
of transporting homogeneous NG-H; blends in large-scale gas
transmission networks considering a multi-day scheduling horizon.
The robustness of the model is demonstrated on Western Australia’s
(WA) gas transmission network that, to the best of the authors’
knowledge, represents the largest gas network analyzed with a
transient model in the literature.

The remainder of the paper is structured as follows. Section 2 pre-
sents the modelling methodology, introducing a transient OGF formu-
lation for homogeneous NG-H; mixtures and detailing the inclusion of
linepack constraints in the optimization problem. Section 3 introduces
two case studies: a benchmark single-pipeline system used to validate
the model’s dynamic behavior and to assess the role of linepack man-
agement, and the WA gas transmission network, employed to test the
model’s scalability and realism. Section 4 presents the simulation re-
sults, demonstrating how linepack constraints influence supply strate-
gies and evaluating the fluid-dynamic feasibility of different Hy blending
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operators and hydrogen integration policies.
2. Optimal gas flow model
2.1. Transient gas network model

A gas network is a graph where elements such as nodes, pipes, and
compressors are connected. To describe the model equations, the
following sets are introduced: .7 the set of pipes, ./ the set of nodes, C
the set of compressors, ."C./" the set of supply, .7 the set of time steps
defining the time horizon. The transient gas flow model introduced in
this paper for optimization purposes is based on the model presented by
Guzzo et al. [34], which was originally developed for simulation studies
and rigorously validated against the state-of-the-art commercial gas
network software PipelineStudio® by Emerson. This validation, detailed
in Guzzo et al. [34], covered hydrogen blending scenarios from 0 % to
100 % mol and demonstrated strong agreement in pressure profiles, with
average errors below 0.75 %, confirming the robustness and accuracy of
the fluid-dynamic formulation used here.

The model presented in this study adopts a horizontal pipe config-
uration, with the axial position denoted by the variable " x” under the
hypothesis of one-dimensional isothermal flow and creeping motion
[51]. The isothermal assumption is justified by the relatively slow gas
velocities and the thermal inertia of buried pipelines, which allow the
gas to equilibrate with the surrounding soil temperature. This modeling
approach, also adopted and validated in Ref. [51], enables a tractable
yet accurate representation of gas flow dynamics for system-level ana-
lyses when detailed spatial data on ground thermal properties and
boundary heat transfer conditions are not available.

The partial derivative equations (PDEs) that describe the gas flow in
a pipeline are represented by Equations (1) and (2).
dp 1om

a A M

ox ' Aot pm2Ds

To solve the PDEs, a fully implicit discretization scheme centered in
space and forward in time given its intrinsic stability is adopted. Fig. 1
shows the discretization scheme for a pipeline ije.# that connects two

nodes i,je./". Each pipeline is discretized in J; = LL—;J segments corre-
sponding to a set 2’ containing (J; +1) nodes. The variables stored in the
nodes created by the discretization scheme are (mj, , p§, , pj, >
ZEj.x)ije,/‘.xs
sure, the density and the compressibility factor of the gas. Equations (3)
and (4) present the relationship between nodal pressure, indicated by

the variable P', and the pressure at the boundaries of the pipes.

P: :P;x:o (3)

. which represents respectively the mass flow rate, the pres-

P ]t :P%,xzjijﬂ (4

The discretized PDEs representing the continuity (Eq. (1)) and mo-
mentum (Eq. (2)) equations for a pipeline ij are presented in Equations
(5) and (6).

pgj.x+l + p;x pfj}l+l + p;xl 1 .t -t 1
— m jix

2 2 ac T M =M ) 2000 (5)

=0 VijerxecX teT
¢ L1 .t -1
Pfj.x+1 7p1€j‘x Myseq = My + M — My
-t .t -t -t
N 2f; (’nij.x + rnijx+1) ‘mij.x LT
5
(pg'.x+1 + p;x) ﬂzDij

=0VijeA xcZ teT

(6)

Under the assumption of a steady-state condition, the continuity
equation simplifies to a trivial identity, while the momentum equation
simplifies in the generalized flow equation (Equation (7)).
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Table 1
Case study A:gas network constraints.
p [MPa] p [MPa] C [TJ/d] r[-] W [MW]

Node 1 5.0 5.0 100 - -
Node 2 5.0 10.2 - - -
Node 3 3.5 10.2 - -
Pipeline - - 100 - -
Compressor - - 100 2.5 3.0
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Statistical descriptors of WA demand: 5 days considered vs 2022.
Descriptor 5 days values [TJ/h] 2022 values [TJ/h] Equation (8) delineates the mass balance applied at each node and at
each time step within the optimization horizon.
Mean 43.70 44.58
std 3.62 3.50
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pipeline pressures, respectively, while W, denotes the maximum compressor power. Values are reported in Table 1.
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Fig. 7. WA’s pressure distribution at peak demand for NG.

Where i} represents the mass flow rate supplied to the network by the
suppliers associated with node i. The summation in the first brackets
represents the inflows and outflows associated with pipes connected to
node i. The summation in the second brackets represents the inflows and
outflows associated with compressors connected to node i; Tflfl; repre-

sents the fuel consumption of the compressors boosting gas from i to j,

while ritp! = ol
nodal energy demand Wp!.

The gas variables stored in the nodes created by the discretization
scheme in each pipe are related together by the gas law presented in

Equation (9).

represents the nodal mass demand equivalent to a

Diix =P ReT Vi€ P xe 2 teT 9

Where Zj;, represents the compressibility factor modelled through the
well-known Soave-Redlich-Kwong (SRK) equation of state [52] pre-
sented in Equation (10). The SRK model was selected for its balance
between accuracy and computational efficiency, making it suitable for
integration into the nonlinear optimization framework. It provides suf-
ficient accuracy within the operating pressure and temperature ranges
considered. Readers interested in higher-fidelity models are referred to
GERG-2008 [53], though it comes at a significantly higher computa-
tional cost.

B~ 22+ Ty (A~ By~ B, — A5 By =0 Vi xe 2t

ix ~ Lijx jx ~ Pijx jx " Pijx
S

103

Compressors are modelled as connecting elements between two

nodes, boosting gas and elevating pressure. Equation (11) represents the

relationship between the outlet and inlet pressures of the compressor,
with the pressure ratio defined by the variable r;. Equation (12) repre-

sents the brake power W;; necessary to boost a gas mass flow rate mf] with
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a pressure ratio r; considering an adiabatic compression process. Finally,
Equation (13) represents the mass flow rate niflfj required as fuel in a
prime mover of efficiency 7, driving the compressor.

Pi=riPi Vijc C,teT an

St
mijTiZlFprrd 1 o
= ———— (17 —1) Vije €, te T (12)
Y pstdnc‘ij(y - 1)Txtd ( v ) J

mi=——9_ Vije & teT 13)
0 Yl HV s 0 C

2.2. Formulation of the OGF problem

Optimizing gas networks from the viewpoint of a neutral operator
translates into minimizing the cost of gas supplied to the network
(minimizing resource usage) while satisfying demand and ensuring
system security.

Considering a time horizon composed of N days & = { %1, Z, ..,
Zn}, where each 7 represents the set of timesteps for the i-th day, and
the total set of timesteps within this horizon is represented by .7 =
21U Z3U...U 2y, the OGF model is formulated by introducing the
optimization function (14):

min e | +Co®" | At HHV g 14
(5] o) .

subject to (3)-(13) representing physical constraints, namely the
fluid-dynamic model including nodal balance, continuity and mo-
mentum equations for pipes, compressors model, and gas properties
model; and (15)-(24) representing boundary constraints, namely vari-
ables acceptability ranges; and (25)-(26) defining the network opera-
tional strategy. In this formulation, variables denoted with an overline
(e.g., P;) and an underline (e.g., P;) represent upper and lower bounds,
respectively.

&SPfSE Vie S te T (15)
Pi <Py <Py Vije P xeZ teT (16)
Pi<Pix <Py VieP xeZ teT a7
2<Z, <Z VijePxe X teT (18)
o<mi<m, Vse,teT 19
my <mj, <my Vije?,x€ X teT (20)
mugnﬁjgml] Vije € ,te.T (21)
1<r; <7y Vije €,teT (22)
Wi <W; <W; Vije @,te T 23)
%SMf%S@ Vije €,teT 24)
w'>0 VteT (25)
' < Zm;(ﬁa,f%g:mgj.) HHV, Vge % te, (26)
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Fig. 8. WA’s network results: a) total supply-demand, b) total linepack, c) average pressure in the network, d) average p/Z in the network, e) cumulative pressure

losses, f) total compressors power consumption.

ply nodes, real topological nodes, dummy nodes obtained from the
pipeline discretization scheme, and compressor variables. Modelling the
network from the standpoint of a neutral operator aiming to minimize
gas supply may lead to an optimization function that seeks to minimize
the gas delivered by utilizing the gas stored in the pipelines (linepack).
However, this approach distorts reality and provides unacceptable
linepack reductions. To prevent network depressurization and guar-
antee network flexibility, a term including the support variable o' is
introduced in the optimization function. The minimization of this term,
in light of constraints (25)—(26), translates into the minimization of the
difference between the supply and the sum of the average demand
Ty

_ At ot .
My =gieo > > Mp; and fuel consumption at the compressor sta-

te Ggie

tions. Minimizing this difference for each day g guarantees to minimize

the difference between the linepack levels at the beginning and end of
the day. In other words, while the first term in the optimization function
(14) represents the minimization of resources, the second term gua-
rantees to target a constant linepack level at the end of each day in the
optimization horizon. The entire modeling and solution pipeline is
implemented using Julia v1.8.5 [54] as the programming language. The
nonconvex nonlinear programming problem is formulated within JuMP
v1.16.0 [55], which serves as the algebraic modeling frontend for
defining variables, constraints, and the objective function. The resulting
problem is then solved directly using Ipopt v1.5.1, a large-scale
nonlinear interior-point solver, with MUMPS as linear solver [56].
Preprocessing tasks such as input data handling, temporal and spatial
discretization, and post-processing of the results are managed directly in
Julia, outside the JuMP model block. The overall computational
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Fig. 9. Distribution of the nodal pressure results at peak demand, normalized based on the nodal pressure constraints.

structure is illustrated in Fig. 2, which outlines the modeling and solu-
tion workflow, including the role of Julia, JuMP, and Ipopt in the
optimization framework.

3. Case study

This section introduces the two case studies considered in the anal-
ysis. The first case study is a simple but representative pipeline system
equipped with a compressor station at the supply point. The second case
study is the gas transmission network of Western Australia. The NG
adopted for both case studies has the following molar composition: CHy4
= 88.396 %, CoHg = 6.554 %, C3Hg = 0.00 %, C4H; = 0.00 %, COy =
1.86 %, Na= 3.19 %, Hy = 0.00 %. The volumetric higher heating value
and the specific gravity of the gas in standard conditions are HHV =
37.78 MJ/Sm® and SG = 0.616, respectively. The model presented in
Section 2 is isothermal and the gas temperature assumed in both case
studies is T = 15 °C, which is a typical value for buried pipelines.
Furthermore, a constant efficiency is adopted for all the compressors
(ne= 0.8) and the prime movers (Npm= 0.3).

3.1. Simple pipeline system

To showcase the model’s capabilities and provide a straightforward
benchmarking test case, a simple pipeline system inspired by real data is
analyzed (Fig. 3). Case study A includes a supply node (Node 1)
equipped with a compressor station boosting gas in a pipeline of length
L =450 km, diameter D = 0.35 m and roughness & = 0.015 mm, to reach
the demand node (Node 3). The demand depicted in Fig. 3 exhibits three
gas days, showcasing a pseudo-periodic trend with varying average
values. A multiday scheduling time horizon was chosen to showcase the
supply strategy modelled.

Table 1 outlines the constraints under consideration for case study A.
The pressure at the supply node is held constant at 5 MPa. The supply
capacity, supposed to be equal to the compressor station and pipeline
capacities, is 100 TJ/d. The capacity, expressed as an energy rate ca-
pacity, refers to the composition of NG considered in the test case.
Therefore, to derive the mass flow rate constraints outlined in the model
section expressed in kg/s, readers should refer to the HHV and density at
standard conditions of the NG introduced earlier in this section.

3.2. Western Australia gas network

The case study selected to test the robustness and scalability of the
model on a large-scale system consists of the WA gas transmission
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network. Fig. 4 illustrates the network topology: gas is transported from
the main supply area in the Dampier zone to various regions via multiple
pipelines. The gas travels south-west to Perth via the Dampier to Bun-
bury Natural Gas Pipeline (DBNGP), north-east to the Telfer mining area
via the Telfer Gas Pipeline (TGP), and south-east to the Goldfields
mining area via the Goldfields Gas Pipeline (GGP). The network model
was developed with the help of industry support, and it consists of 158
nodes, 179 pipelines resulting in a 7560 km network including loops and
laterals, 11 NG sources and 21 compressor stations. Details on topology,
gas supply capacity and pipelines’ capacity can be found in Ref. [57].
Demand was built on data available in Refs. [57,58]. The daily demand
given by the Australian Energy Market Operator (AEMO) was assumed
to be flat during the day for large industrial and mining users, while a
profile inspired by the data available in Ref. [59] was used for the city
gate offtakes. Instead, gas-fired generators (GFG) consumption was
modelled based on the half-hourly resolution profiles obtained from WA
electricity market data [58].

The operation of the system was analyzed over three days. To delete
the influence of the steady-state initialization and the finite horizon
optimization, following the methodology employed in Refs. [48,60], the
three-day optimization horizon was expanded to include one day before
and one day after. The five gas days considered begin on December 7,
2022, at 8:00 a.m. and end on December 12, 2022, at 8:00 a.m. Fig. 5
shows the demand profile, highlighting the contributions of industrial
users, including mining activities, gate stations, and electricity genera-
tion by GFG. The statistical description of the demand is provided in
Table 2, demonstrating that the five days chosen are statistically
representative of the year 2022.

The model adopts a temporal discretization At = 1800 s, i.e., 48-time
steps per day with a half-hourly resolution. The gas pipeline maximum
discretization length is chosen as Ax = 50000 m. Given the absence of
historical data on nodal pressure or linepack, the model validation is
based on obtaining mathematically acceptable (feasible) solutions
within the set of actual operational constraints.

4. Results

The first analysis presented in this section aims to showcase the
features of the model in a simple case study, ensuring replicability. The
second case study presents the potentialities of the model to perform
analysis on a large-scale real gas network.
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4.1. Case study A: model features

Standard OGF models from the perspective of a neutral operator
minimize resource consumption. The model introduced in this paper
includes in the optimization function an additional term @' that mini-
mizes the difference between the average daily inflows and outflows of
the network. To demonstrate the significance of this term, the case study
is optimized over a three-day horizon, comparing the results of the
model including and not including the @' term in the optimization
function (14) and constraints (25)—(26).

Fig. 6 shows a comparison of the results of the two models: the first
column contains the results of the optimization model that does not
include the @' term in the optimization function, while the second col-
umn contains the results of the optimization model that includes the o*
term in the optimization function. Fig. 6a shows that without the o' term
in the optimization function, the gas supply is interrupted for several
hours. This phenomenon can be attributed to the model’s interpretation
of the gas stored in the pipeline (linepack) as a zero-cost gas source. To
minimize the gas supplied, the model reduces the linepack (Fig. 6¢).
However, this strategy results in a reduction of the pipeline pressure, as
illustrated in Fig. 6g. As illustrated in Fig. 6e, higher hydrogen con-
centrations lead to larger volumetric flows and hence steeper pressure
drops during the first 20 h. This drives an earlier and more pronounced
injection of energy into the pipeline, resulting in higher supply profiles
for larger Hy fractions. In particular, in all Hy concentration scenarios,
the model brings the supply node to cease gas supply until node 3
(offtake node) reaches the minimum pressure constraint, during the
final demand peak on the third day (Fig. 6i).

The second column of plots in Fig. 6 shows the significance of
incorporating the term @' in the optimization function, along with its
associated constraints. The supply strategy ensures a relatively flat en-
ergy supply, with three levels determined by the different average de-
mand of the three days, as shown in Fig. 6b. This behavior is a direct
consequence of the cost function minimization, which includes both the
gas supply m§ and the term w!. Constraints (25)—(26) enforce the mini-
mization of the absolute value of the difference between the cumulative
energy supplied Y m.HHVye and the total energy demand of the

se.s
network, given by the daily average load 51; * HHVpgss plus the
compressor consumption 'Z%mflfjHHme.
ije

In other words, the model tends to ensure, within the imposed con-
straints, the same linepack level at the beginning and end of each day
(Fig. 6d). Because the energy demand profile is identical across blending
scenarios, the optimization yields nearly the same total daily energy
supply regardless of the gas mixture. The only differences arise from
variations in compressor energy consumption, which slightly increase
with hydrogen concentration due to higher flow rates and pressure
losses. However, in this case study, such variations are negligible
compared to the overall demand and thus do not significantly affect the
total supply levels. This is further reflected by the average pipeline
pressure, which is proportional to linepack, and remains nearly constant
at around 8 MPa (Fig. 6h). A modest oscillation in the average pressure is
achieved by increasing the pressure at node 2 using the compressor
(Fig. 61), which compensates for the lower pressure at node 3 resulting
from variable pressure losses in the pipeline due to the demand evolu-
tion (Fig. 6f).

Fig. 6 also demonstrates the model’s capability to capture the
different behaviour of NG-Hy mixtures. As Hy concentration increases,
the linepack decreases due to the lower volumetric HHV and different
compressibility factors. Additionally, the compressor’s brake power is
higher with greater Hy content caused by the necessity to boost larger
flow rates and address higher pressure losses.
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4.2. Case study B: the feasibility of Hy blending in WA

This section outlines the findings of the second analysis, which in-
vestigates the feasibility of Hy blending in the WA gas transmission
network and evaluates the robustness and potentialities of the model.
Fig. 7 shows a snapshot of the pressure distribution in the network at
peak demand transporting NG. The pressure distribution decreases
along the DBNGP, TGP, and GGP, reaching the lowest values in the in-
dustrial area of Kwinana and the Bunbury area, both located south of
Perth.

The model provides feasible solutions for blends containing up to 20
% mol Hy, indicating that the network is fluid-dynamically capable of
transporting NG-H; blends. Given the NG composition considered, a 20
% mol Hj blend corresponds to covering 7.80 % of the WA gas network’s
energy demand. Fig. 8 presents the network results providing insights
into system performance. Particularly, Fig. 8a shows the cumulative
supply and demand profile of WA’s gas network for several NG-Hj
blends. In agreement with the supply strategy imposed by Equations
(14)-(25), the energy supply curves are almost flat but slightly different
from one another because of the compressors’ consumption. As the Hy
content in the mixture increases, so does compressor consumption,
resulting in a higher supply curve. The supply strategy ensures the
balance between cumulative energy inflows and outflows of the network
each gas day, indirectly minimizing the difference between linepack
levels at the beginning and end of the day, as depicted in Fig. 8b. As the
Hj molar fraction in the blend increases, the linepack level decreases in
alignment with the lower HHV of the gas mixture and the p/Z ratio
reduction (Fig. 8d). Nevertheless, it is evident from Fig. 8c that the
reduction in linepack does not correspond to a reduction in the average
pressure that remains relatively constant at around 6.5 MPa. This
outcome can be attributed to the model’s effort to adhere to pressure
constraints. Notably, Fig. 8e shows that total pressure losses across the
network rise by approximately 20 % for the 20 %mol H, blend compared
to pure NG. To counteract this, compressors increase their output
pressure, as permitted by available spare compression capacity, leading
to the observed growth in compressor power consumption (Fig. 8f). This
increase results from a combination of higher volumetric flow rates and
the need for elevated pressure ratios to maintain nodal pressures within
acceptable limits.

To validate this interpretation, Fig. 9 presents the nodal pressure
distribution across the network during peak demand conditions for
various NG-H, blending ratios. The pressures are normalized with
respect to the allowable operational bounds at each node, such that
values approaching 1 correspond to nodes operating near the upper
pressure limit, while values close to 0 indicate proximity to the lower
pressure threshold. Fig. 9 shows that with higher Hy concentrations in
the mixture, the pressure distribution widens, with more nodes nearing
the boundaries set by pressure constraints. In fact, the pressure at the
offtake nodes decreases due to increased pressure losses and to mitigate
this reduction, compressors boost gas with higher pressure ratios,
resulting in higher pressures at the nodes immediately downstream of
the compressor stations. Hence, downstream offtake nodes shift towards
0 values in the distribution, while upstream compressor nodes shift to-
wards 1.

To support this interpretation, Fig. 10 illustrates the pressure evo-
lution over time for two nodes in the DBNGP. The node corresponding to
an alumina refinery in the Kwinana area serves as an example of a
downstream offtake node, while the node situated immediately after
CS9 represents the upstream node (Fig. 4). Fig. 10a confirms that, with
increasing hydrogen content, the pressure at the offtake node consis-
tently decreases or remains comparable to the pure NG case, reinforcing
the observed trend toward the lower bound of the acceptable pressure
range shown in Fig. 9. This reduction in offtake pressure is mitigated by
increasing the upstream pressure (CS9 outlet pressure), as shown in
Fig. 10b. The higher outlet pressure at CS9 translates into higher
compressor power consumption (Fig. 10c), suggesting that the overall
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compressor power consumption of the network shown in Fig. 8f is
influenced not only by an increase in volumetric flow rate but also by the
higher pressure required downstream of the compressor stations.

5. Conclusions

This paper presents an OGF model suitable for multi-day transient
operation scheduling of gas networks. The optimization problem is
formulated from the point of view of a neutral operator implementing
also a linepack management strategy to maintain flexibility throughout
consecutive days. The OGF model’s ability to handle homogeneous NG-
Hy, mixtures makes it a suitable tool for assessing the fluid-dynamic
feasibility of transporting these blends in real networks. Specifically,
the developed optimization framework enables gas network operators
and policymakers to determine the maximum hydrogen blending limit
that does not compromise the flexibility of the gas network by main-
taining pressures within design limits. From a modelling perspective, the
key insights from this work can be summarized as follows.

¢ Including a linepack management term in the OGF model’s optimi-
zation function is crucial to prevent solutions presenting unaccept-
able progressive linepack reductions. The first case study
demonstrates that employing models that overlook linepack con-
straints may result in unrealistic solutions with low-pressure safety
margins. This implies that the optimal solution proposed by standard
OGF models may hide a reduced ability of the network to handle
unforeseen events such as compressor failures, maintenance, or
supply disruptions.

Assessing the fluid-dynamic feasibility of transporting NG-H; blends
in large-scale networks can effectively be undertaken by the OGF
model presented. The large-scale case study, based on real data from
Western Australia’s gas transmission network, and solved over a
multi-day horizon, demonstrates the model’s robustness and capac-
ity to handle real-world problems.

Moreover, the study demonstrates the fluid-dynamic feasibility of
transporting blends with up to 20 % mol Hj in Western Australia’s gas
network. The implications of this finding are twofold.

e The fluid-dynamic feasibility of transporting a 20 % Hj blend,
potentially covering 7.80 % of WA’s gas demand on an energy basis
with renewable hydrogen, indicates that the network infrastructure
can support partial decarbonization of the gas sector remaining a
crucial asset during the energy transition.

Models able to assess the feasibility of transporting NG-H; blends in
real networks could open doors to investments in large renewable Hy
projects. In fact, as demonstrated for Western Australia, Hy can
partially offset future NG shortfall arising from the progressive
depletion of global NG resources. However, addressing this problem
can be of interest to all countries, as NG shortfall scenarios could not
only occur due to the progressive depletion of resources but also to
emerging geopolitical conflicts.

Future extensions of the model could incorporate the energy equa-
tion, multi-source heterogeneous hydrogen injection with compositional
tracking, and safety constraints related to material strength. However,
these developments would require detailed data on pipeline character-
istics and surrounding environmental conditions. In the absence of such
data, or if they are inadequately represented, the resulting increase in
computational complexity may not necessarily translate into improved
accuracy.
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