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Abstract

Optimal transport tasks naturally arise in gas networks, which include a variety of constraints such as physical
plausibility of the transport and the avoidance of extreme pressure fluctuations. To define feasible optimal transport
plans, we utilize a p-Wasserstein metric and similar dynamic formulations minimizing the kinetic energy necessary
for moving gas through the network, which we combine with suitable versions of Kirchhoft’s law as the coupling
condition at nodes. In contrast to existing literature, we especially focus on the non-standard case p # 2 to derive
an overdamped isothermal model for gases through p-Wasserstein gradient flows in order to uncover and analyze
underlying dynamics. We introduce different options for modelling the gas network as an oriented graph including
the possibility to store gas at interior vertices and to put in or take out gas at boundary vertices.

1. Introduction

With the aim of re-purposing and extending existing natural gas infrastructure to hydrogen networks or
mixed natural gas and hydrogen networks, there is a fundamental interest in understanding the dynamics
of gas transport and the influence of different network topologies.

In this work, we model such networks as metric (or quantum) graphs where to each edge, one asso-
ciates a one-dimensional interval. On these, we pose a one-dimensional partial differential equation
describing the evolution of the mass density of the gas. Examples for such models are (ISO1) or (ISO3)
models introduced within a whole hierarchy in [11]. Next, we carry out a detailed modelling of possible
coupling conditions at the vertices. In particular, we include the possibility of mass storage at vertices
by which we extend previous approaches. As it turns out, such models are closely related to dynamic
formulations of optimal transport problems on metric graphs. This becomes evident when one only con-
siders the conservation of mass and considers transport on networks minimizing some kinetic energy.
The results of the optimal transport may give an indication of efficiency of the gas transport on the net-
work, in particular if we extend the purely conservative framework to possible influx or out-flux on some
of the nodes, related to pumping in by the provider or extracting gas at the consumer. We will study the
related approaches of optimal transport and also study p-Wasserstein metrics on the metric graphs. We
mention however that those are only a metric if there is no additional in- our out-flux.

In literature, (dynamic) optimal transport is typically restricted to bounded domains, which are a
subset of IR” and the number of publications about transport problems on metric graphs (or even non-
convex domains) is still quite limited and recent, see below for a discussion. Optimal transport and
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Wasserstein metrics are natural tools for studying gradient flows, which may also be relevant for some of
the overdamped transport models. The study of gradient flows in Wasserstein spaces has been pioneered
in [14] in the case p = 2 and without storage on nodes. In this case, even standard logarithmic entropies
are no longer displacement convex. This complicates the study of gradient flows by means of strong
notions such as evolution variational inequalities; however, more general notions such as the minimizing
movement scheme are still available. We are able to recover (ISO3) as a gradient flow in Wasserstein
spaces with p = 3, and we will also highlight some issues related to defining appropriate potentials on
the metric graph, which can differ in an non-trivial way from simple definitions on single edges, since
different integration constants on each edge change the interface condition.

Therefore, we want to focus on how we can utilize metric graphs to model gas networks and how
the p-Wasserstein distance allows us to tackle optimal transport problems on such graphs, where we are
aiming at minimizing the necessary kinetic energy for moving gas through the network. Furthermore,
we introduce various dynamic formulations of the p-Wasserstein metric in order to derive physically
feasible optimal transport plans and we derive p-Wasserstein gradient flows.

1.1. Main contributions

This paper generalizes the presented dynamic formulation of the 2-Wasserstein metric in [8] to general
p €[1, 00). Moreover, we present two types of coupling conditions at interior vertices (classical and
generalized Kirchhoff’s law) as well as time-dependent and time-independent boundary conditions. All
these different types of conditions can be incorporated into the definition of our p-Wasserstein metric and
hence solve different balanced or unbalanced optimal transport tasks on metric graphs. Furthermore, we
give a detailed description of classical and weak solutions of the presented optimal transport problem
as well as deriving p-Wasserstein gradient flows. Finally, we extend a primal-dual gradient scheme to
metric graphs, with and without additional vertex dynamics, and provide several numerical examples
for the introduced transport problems.

The structure of the paper is as follows: Section 2 describes how we encode gas networks as ori-
ented graphs, how the gas flow at individual pipes is given by the (ISO3) model of [11], how we couple
pipes and allow for storage of gas at interior vertices and how we model mass conservation at bound-
ary vertices as well as the inflow and outflow of gas into and from the network. Section 3 includes the
introduction of measures on graphs, the formal definition of the optimal transport problems on the ori-
ented graph together with feasibility conditions for given initial and boundary data, in particular mass
conservation conditions. Section 4 introduces the static formulation of the p-Wasserstein distance and
different dynamic formulations depending on the coupling and boundary conditions and discusses their
basic mathematical properties. Moreover, we provide an outlook to gradient flow structures and their
use for gas networks in Section 5, highlighting the connection to the (ISO3) model in Section 2. Finally,
we discuss some numerical examples of optimal transport on networks in Section 6.

1.2. Related work

The mathematical foundation of optimal transport and Wasserstein metrics, including dynamical formu-
lations as well as the derivation of Wasserstein gradient flows with suitable time discretization schemes,
can be found in [2] and [28]. While [2] focuses on gradient flows in probability spaces, [28] gives an
extensive introduction into optimal transport from the viewpoint of applied mathematics.

Details about the equivalence of the static and dynamic formulations of the Wasserstein distance can
be found in the original publication [5]. This dynamic formulation was extended in many directions, e.g.
including non-linear mobilities [10] or discrete as well as generalized graph structures [15, 19, 23]. Of
particular interest in the context of this work is [24] where two independent optimal transport problems
(one in the interior of a domain and one on the boundary) are coupled so that mass exchange is possible.
The idea of mass exchange between the boundary and the interior of the domain is applied to metric
graphs modelling a network in [8], also utilzing the dynamic formulation of the 2-Wasserstein metric on
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networks for optimal transport tasks, including proofs of existence of minimizers via convex duality and
the derivation of 2-Wasserstein gradient flows. The equivalence of the static and dynamic formulation of
the 2-Wasserstein metric for metric graphs is proven in [14]. In addition, [14] also studies 2-Wasserstein
gradient flows of diffusion equations on metric graphs.

The catalogue [11] gives an overview of models for the transport of gas through networks, and in
the case of the (ISO) model hierarchy it derives different possibilities on how to model isothermal gas
flow in pipes starting from the original Euler equations. In our paper, we will use the introduced (ISO3)
model, which based on a few assumptions on the gas flow, constitutes a simplified PDE system encoding
mass and momentum conservation. Part of the model catalogue (especially the rigorous derivation of
the (ISO3) model) is based on the work of [7] and [26], which use asymptotic analysis of transient gas
equations to characterize different gas flow models and to perform numerical simulations on examples
of those models. Coupling conditions at multiple pipe connections for isothermal Euler equations are
introduced in [3]. These coupling conditions resemble Kirchhoff’s law but also include an equal pressure
assumption at vertices of the gas network and for these coupling conditions existence of solutions at
T-shaped intersections is proven.

In [18], a method for the calculation of stationary states of gas networks is introduced. The gas
flow in pipes is governed by (ISO) flow models of the previously mentioned model hierarchy and the
paper specifically analyzes networks containing circles and how suitably chosen boundary conditions
determine the uniqueness of stationary solutions. Furthermore, in [12] proofs for stability estimates of
friction-dominated gas transport with respect to initial conditions and an asymptotic analysis of the
high friction limit are given. [17] analyzes the physical validity of the (ISO2) model (a generalization
of the (ISO3) model from [11] used in this paper) for sufficiently low Mach numbers. It includes exis-
tence results of continuous solutions sufficing upper bounds for the pressure and magnitude of the Mach
number of the gas flow, which are crucial parameters for the physical validity of solutions.

[20] studies the standard diffusion problem on metric graphs, which, as a special case of no drift
and no non-local interaction, is included in [14]. In [4] the coupling of PDEs on spaces with different
dimension and with coupling conditions similar to Kirchhoff’s law are analyzed; however, the paper
considers semi-linear diffusion-reaction equations. This is extended in [25] which also includes dynam-
ics at the vertices, but the authors rely on semigroup techniques to show well-posedness, properties of
the generator and long time behaviour. In [22], the spectrum of the diffusion operator on a network con-
sisting of single, concatenated edges is studied by means of an explicit construction of eigenvalues and
eigenfunctions.

2. Modelling gas networks as metric graphs
Given a gas network consisting of a system of pipes, we encode it as a metric graph G = (V, £). The set
of vertices

V: {Uh Vo, .. vn}

for n € N, encodes all starting and endpoints of the individual pipes, and thus also coresponds to the
junction points of the pipes. Moreover, for m € IN, we have a set of edges

5:{6.,62,...em}§{e:{vi,v_/}|v,~,v_,€V},

which correspond to the individual pipes with a predetermined “typical” flow direction. To each edge
e €&, we also assign the length L, > 0 and a local coordinate system x € [0, L,.], which follows the
orientation. As usual, we consider the metric graph as the product space of all edges and the vertex
points, where we identify the boundary points with the vertices, i.e. we take the quotient space of the
closed edges subject to the identity relation of being the same vertex (cf. [14]).
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For each edge e € £, a start vertex §5(e) € e and an end vertex §°(e) € e are assigned, which deter-
mine the orientation of edge e. Since we exclude pipes, which constitute loops from our modelling, for
each edge e € £ it holds true that

Se)Uste)=e and 85(e) N 8E(e) = 0.

Note that in our notation, the edge coordinate system starts at §5(e) and ends at §%(e), however, flows
against the orientation of edges (going from L, to 0) are also considered feasible and just result in a
negative velocity.

In the set of vertices, we differentiate between boundary vertices 9}, where gas enters or exits

the network definitively (as supply or demand), and interior vertices ). Hence, we first choose our
boundary vertices, and then define {}: V\dV, which directly implies that each vertex v € V is either a

boundary vertex v € 9V or an interior vertex v ef}. In addition, for the set of boundary vertices 9}, we
differentiate between source vertices 0*), which supply the network with gas, and sink vertices -V,
at which gas is taken out of the network to meet given demands. We will assume, that each boundary
vertex v € 9V is either a source vertex v € 3V or a sink vertex 9~ V.

If an interior vertex v e]oj is only connected to one other vertex in the graph, then we call v a dead-
end. This case could arise due to maintenance in the gas network or when pipes of the network are
utilized for storage purposes rather than gas transport.

In order to guarantee well-defined expressions and to simplify the notation, we assume the following
properties for our underlying gas network and the resulting oriented graph.

Remark 2.1 (Assumptions for the graph). For our oriented graph, we will always assume that the set
of vertices and edges are finite, that |E| > 1 and that there are no loops {v, v} for any v €V, which
automatically implies that |V| > 2. Moreover, we assume that our graph is connected, meaning that for
every two vertices v;, v; € V with v; # v;, there exists a path from v; to v; (when ignoring the orientation
of edges).

Moreover, we specifically want to allow the case of no source and sink vertices ( Io}z V) to include
the model of [8], and also the cases of source vertices but no sink vertices (3tV = 9V) or vice versa
(0~V = dV) are considered feasible in our modelling. Furthermore, we will neglect the pipe intersection
angles at interior vertices in our modelling, and only consider the length of pipes.

Example 2.2 (Gas network as oriented graph). The following gas network consists of five pipes and two
supply vertices and one demand vertex. Therefore, the oriented graph G = (V, £) encoding the network
contains five edges

E={e, e es,e4, 65y ={{vr, v}, {2, va}, {va, 05}, {vs, 05}, {vs, 06},

three boundary vertices 3V and three interior vertices )
YV =0VUV ={v, v, 13} U{vy, vs, 16},

3TV ={v, 1},
07V ={vs}.
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The weights of each edge e are assigned according to the pipe length

L, =L, =45, L,=172, L., =40, L., =63.
Moreover, the start and end vertices of each edge are given by
v =8°(er) vy =38 (e)) = 68" (&) = 8% (e3)
v =68 (e) vs = 8" (e3) = 8° (e4) = 8% (e5)

vy = 8% (e4) v =68 (es)

Thus vertex Vg is a dead-end of our gas network, since it is only connected to one edge es, and since the
vertex is neither a source nor a sink vertex.

2.1. Gas flow in single pipes

In a given time interval [0, 7] with 7 > 0, on each edge ¢ € &, the physical properties of gas flow can be
modelled by the isothermal Euler equations for compressible and inviscid fluids. In order to simplify
the Euler equation system, we assume the pipe walls and the gas to have the same temperature 7, which
allows us to omit the energy conservation equation (see [11]). For a mass density p,: [0, L] x [0, T] —
R and a velocity v,: [0, L.] x [0, T] — IR, the system of equations reads as

00, d
q. WeVe =0,
ar +ax P
8 ere 8 e .
% + a (p,_» (,Og) + ,O,_.,Vf) = _2D€ PeVe [vel — 8P, S1N (@),

for (x,7) € (0,L,) x (0, T) . (ISO1)

The first equation (continuity equation) encodes conservation of mass and the second equation ensures
conservation of momentum. Here, A, > 0 denotes the pipe friction coefficient, D, > 0 the pipe diameter,
g~6.7-107"" Nm?/kg* the gravitational constant and w, € [0, 27] the inclination level of the pipe e.
The pressure p,: [0, L,] x [0, T] — R, is implicitly defined by the state of real gases equation

p. () =Rp.Tz (RGE)

with gas constant R~ 8.3 J/ (K - mol), temperature 7 > O of the gas and pipe walls and compressibility
factor z > 0, which we assume to be constant, but generally depends on p, and in the non-isothermal
case also on 7. The state of real gases equation constitutes the pressure law for ideal gases in the case
of z=1. For each edge ¢ € £, we furthermore define the mass flux

Jei [0, L] X [0, T]— R (x,8) > j. (x,1) :==p, (x,1) v, (x,1) .

Remark 2.3 (Modelling three-dimensional pipes as one-dimensional edges). Note that in (ISO1), we
model a three-dimensional pipe as a one-dimensional edge e, thus the mass density, the velocity, the
pressure and the mass flux are averaged in the cross-section of the pipe to derive a one-dimensional
formulation. A corresponding derivation of optimal transport from three-dimensional pipe domains to
one-dimensional metric graphs constitutes an interesting question for future research.

In order to further simplify the (ISO1) model, we assume small flow rates |v,|, which enables us to
eliminate the non-linearity on the left side of the momentum equation (leading to the (ISO2) model in
[11]), as shown in [26]. Furthermore, we assume a friction-dominated flow, which corresponds to the
friction on the pipe walls dominating the heat conduction effects. If we also neglect the gravitational
force in the asymptotic considerations, then we obtain, by using the scaling approaches of [7], an even
further simplified left side of the momentum equation and overall the model then corresponds to the
(ISO3) model in [11], which is given by
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e 2 v =0
8[ ax pfve - b

9 _
ax (pe (pe)) -

e

2D,
with the linear constitutive relation of p,(p,) being based on (RGE).

PeVe |Ve| - gloe Sin (we)» (ISO3)

2.2. Gas flow at interior vertices

For connecting the gas flow of the individual pipes to a feasible network, we need coupling conditions
for the flux at vertices, which model pipe intersections. This applies to both interior vertices ) and

boundary vertices 3, where for interior vertices v €) we additionally assume that it is possible to store
gas at the individual vertices.

In order to formulate different coupling and boundary conditions in a unified manner, we introduce
the vertex excess flux, based on a generalized version of Kirchhoff’s law, as

L0.TI— R tf 0= Y joLat) = Y je(0.1). (VEKL)
ec: eck:
sE(e)=v 55(e)=v

For each vertex v € V, it catches the difference between the total influx from all ingoing edges and the
total outflux from all outgoing edges.

To model the possibility to store gas at interior vertices v €)), we introduce vertex mass densi-

ties y,: [0, T] — R, for all interior vertices v e]o). At each interior vertex, we have the initial storage
volume y, (0) > 0 and for all ¢ € (0, T) the vertex mass density has to satisfy

b
ot

The combination of the vertex excess flux f, and the vertex mass density y, ensures mass conservation
at each interior vertex at all times, since gas can either flow through the vertex completely (indicating
f, =0, as accumulated inflow equals accumulated outflow) or gas is stored at the given vertex for f, > 0
or gas is taken out of storage at the given vertex for f, < 0.

Not storing gas in the interior vertices can be achieved by setting f, = 0. Hence, for all ¢ € [0, T] we
obtain the classical version of Kirchhoff’s law

=/ ey

0= L= > jo(0.1). (CKL)
SEE(eef;v Sse(i)gz:v

Observation 2.4 (No storage at interior vertices). After setting f, =0, the vertex mass density y, can
be omitted from further calculations, since S)L[” = 0 directly implies a constant amount of stored gas in

each vertex v e];
v, 0=y, (D =y, @), Vie(0,7).

Note that, continuity of the velocity function v or the mass density p in the interior vertices is not covered
by these coupling conditions, however it is also not expected in general.

2.3. Gas flow at boundary vertices

Boundary vertices v € 9V always either constitute source vertices or sink vertices of the network, which
are responsible for the supply (inflow) and demand (outflow) of gas in the network. In contrast to interior
vertices, we assume that storage of gas at boundary vertices is not possible. Therefore, we need a modi-
fied version of Kirchhoff’s law, which also includes the inflow and outflow of gas to and from outside of
the network, to ensure conservation of mass at boundary vertices. Hence, we introduce time-dependent
and time-independent boundary conditions for boundary vertices v € V.
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Definition 2.5 (Time-dependent boundary conditions). 7o include time-dependent boundary conditions
for the gas supply at source vertices 37V as well as for the demand at sink vertices 0~V, we suppose
that the source vertex flux function s¢: [0, T] —> R, encodes the amount of gas, which has to enter the
network at each source vertex v € 37V (s for supply) and that the sink vertex flux function d°: [0, T] —>
R describes the given outflow of gas from the network at each sink vertex v € 3~V (d for demand).

Note that, in PDE literature this type of boundary conditions is typically called “inhomogeneous” and
inspired by the coupling conditions at interior vertices, we can formulate these conditions as a system
of equations.

Observation 2.6 (Time-dependent boundary conditions). With the generalized Kirchhoff’s law
(VF KL), these boundary conditions can be written as

s (1) =f, (1) Yvedty, tel0,T],
d° () =f, () VuedV, tel0,T],

because the source vertex flux |sf| acts as a flow into vertex v € 3V (thus an outflow j.|,_, of an
imaginary edge e) and the sink vertex flux d° can be seen as a flow out of vertex v € 9~V (thus an inflow
Jel,—o Of an imaginary edge e). With this interpretation, we obtain

0= ( SO+ Y Je (Le,o) D IRACY) Yvedty, 1€[0,T],
eek: eel:
5E(e)=v 85(e)=v
0= Y jo(Let) = (df O+ Y (0,:)) YvedV, tel0,T].
BE(E;;::V B‘Se(ee)g: v

Another option for conditions at the boundary vertices d) is only considering the (mandatory) total
gas supply |Sf| for each source vertex v € 31V for the time period [0, 7], which is available starting at
time 7 =0, as well as the (mandatory) total gas demand D¢ for each sink vertex v € 3~V for the time
period [0, T'], which has to be met at the latest at time = 7. Since these conditions only have to be
fulfilled at the end of the time period, we call them time-independent boundary conditions.

Definition 2.7 (Time-independent boundary conditions). Suppose for the time period [0, T], the accu-
mulated supplies |SC| (with Sf <0) at source vertices v € 9%V and accumulated demands D¢ > 0 at
sink vertices v € 3~V are given. Then our aim is to find source vertex flux functions

$,:[0,T] — Ry tr=>s, ) :=f @)

for each source vertex v € 07V, such that
T
s9= [ s ar @
0
and to find sink vertex flux functions

d,:[0,T1— Ry tH>d, (1) :=1, (1)

for each sink vertex v € 0~V, such that

DS = / d, () dr. 3)
0

Inspired by the coupling conditions at interior vertices, we can once again reformulate these
conditions.
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Observation 2.8 (Time-independent boundary conditions). If we define a source vertex mass density
S,: [0, T] —> Ry for all source vertices v € 3%V, then constraint (2), can be rewritten as
aS, (1)
ot
with initial and final condition S, (0) = |S%| and S, (T) =0
In a similar manner, by introducing a sink vertex mass density D,: [0, T] — R, for each sink
vertex v € -V, constraint (3) can be rewritten as

aD, (1)
at
with initial and final condition D, (0) =0 and D, (T) =

=5, (1) Yved™V, te(0,T),

=d, (1) Yved V,te(0,7),

Note that in the case of time-independent boundary conditions the non-positivity property of the
source vertex flux and the non-negativity of the sink vertex flux are not automatically fulfilled.

Remark 2.9 (Non-positivity of s, and non-negativity of d,). For time-independent boundary condi-
tions, it is necessary to constrain s, (t) to Ry and d, (t) to R, for all t € [0, T]. Otherwise, s, (t) > 0
would indicate giving back gas supply and d, (t) <0 would correspond to taking back gas demand,
which are both unrealistic behaviours for real-world applications.

The source vertex mass can also be defined in the case of time-dependent boundary conditions as

T
‘/ 7)di| with Sf::/ 59 (7) di
0

for source vertices v € 3"V, giving the remaining supply at time ¢, which has not entered the network
yet. Similarly, the sink vertex mass can be defined as

t T
D, (1) = / 40 (1) df with DV:= f 4 (7) i
0 0

for sink vertices v € 97V, encoding the amount of gas which has already exited the network until time 7.

S(t)_|S

Proposition 2.10 (Source vertex mass density). The source vertex mass density S, (t) of a source vertex
v € 3TV at any time t € [0, T] can be calculated by

[ "5 () d

for time-dependent boundary conditions, or with s, instead of s for time-independent boundary
conditions.

Sy () =

With the vertex flux functions and the vertex mass densities at boundary vertices, we can also cal-
culate the total gas supply |S| (with S < 0) entering the network and the total gas demand D exiting the
network in the time period [0, T7.

Observation 2.11 (Total supply and total demand). In the case of time-dependent boundary conditions,
the total supply and total demand of the network for the time period [0, T] are given by

S= =5,0)=) = Z/s(z‘)dt

vedty vedty vedty
D=> D, (=) Di= Z/dc(t)dt
VeI~V vea~ vy ved~VY

Alternatively, exactly the same equations hold true with s, instead of s¢ and d, instead of dS for time-
independent boundary conditions.
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Note that, dead-end vertices can in general not be considered a special case of sink or source vertices,
as they are interior vertices and thus provide a storage opportunity, which is not given for boundary
vertices. However, the two definitions coincide in the case of a no-flux boundary condition, so f, = s =
d® =0 (or alternatively for f, = 0 and S¢ = D¢ =0).

3. Transport type problems on metric graphs

While the previous section was dedicated to the formulation of gas transport models on metric graphs,
especially the coupling conditions, we now undertake the next step towards our goal to understand such
models as gradient flows. For this purpose, we will introduce optimal transport type problems on metric
graphs in this section. We obtain different variants, depending on the type of coupling and boundary
conditions, all of which can be understood as extensions of the dynamic formulation of the classical
p-Wasserstein distance. However, only in the case of no boundary vertices, do we obtain a metric or
distance (for p =2 this is shown in [8] and without mass storage on vertices in [14]). Ultimately, in
section 5, we will show that we can recover the (ISO3) model from a minimizing movement (or JKO)
scheme with respect to one of these metrics. However, we start by introducing some further notation.

3.1. Measure spaces on graphs

By M, (2) we denote the set of Borel measures on a metric space (2, d) with @ CR¥and k € N (and &
being the corresponding o -algebra of Borel sets of £2), which are non-negative and bounded, so VX C Q
we require 0 < u (X), and also u (2) < co. Based on this notation, we choose for each edge ¢ € £ the
mass density p, from the set of non-negative bounded measures on edge e for the time period [0, 7] with

M(e):= M, ([0,L] x [0, T]).

Furthermore, we choose the vertex mass density y, for each interior vertex v €, the source vertex mass
S, for each v € 9%V and the sink vertex mass D, for each v € 9~V from the set of non-negative bounded
measures on vertex v for the time period [0, T], so we define

My (v) =M, (v} x[0,T]).

For a fixed time ¢ € [0, T], we define in a similar manner M’ (e):= M, ([0, L.]) and M’ (v):=
M, ({v}) =ds,, foranedge e € £ and a vertex v € V), where §, denotes the corresponding Dirac measure
with a € R.,.

For the velocity functions v,, the mass flux functions j, of edges e € £, and for the vertex excess flux

function f, of interior vertices v €)), we do not need the non-negativity of the defined measure spaces.
Hence, by M (2) we denote the set of bounded Borel measures  on a metric space (€2, d), and thus
we define

M(e):=M((0,L]x[0,T]) and M (v):=M ({v} x[0,T])

for any edge e € £ and any vertex v € V.

With the set of measures being defined on a single edge or a single vertex of the graph, we can now
also introduce coupled measures on a subset of edges or a subset of vertices. These coupled measure
are defined on the domain of a cartesian product of M. (e), M’ (e), M(e), M (v), M’ (v) or M (v)
for edges e € £ and vertices v € V. A formal definition can be found in the appendix A.

3.2. Formulation of the optimal transport problems

Depending on the the existence of boundary vertices and the type of boundary conditions, as well as
the coupling conditions at interior vertices, we obtain different formulations of the optimal transport
problem on the graph G = (V, £).

The aim of this subsection is to introduce a variation of dynamical optimal transport problems in the
sense of Benamou and Brenier, [5], i.e. we consider optimisation problems on the graph over curves
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satisfying the continuity equation together with a version of Kirchhoff’s law as a coupling condition
at the vertices, which ensures global mass conservation of our transport. These conditions will serve
as side constraints to an optimization problem with a (for now) general cost functional ¢, which can
be thought of as dynamical costs that are chosen depending on the application. We do not yet specify
the exact transport costs, as we first focus on the modelling of mass transfer between supply, demand,
storage and the network. As we will see in section 5, building a minimizing movement scheme using
these optimal transport problems as the distance, we will indeed recover the (ISO3) model.

Assuming the case with no boundary vertices and classical Kirchhoff’s law as coupling condition (as
in [14]), the corresponding optimal transport problem can be written as:

inf c(p,v subject to
pPEML(E),ve M(E) (IO ) J

o=8£”+%(peve) Vee&, xel0,L,], te[0,T]

0= ()l — Y. (ovlico Vv ey, 1[0, 7]
o o

Pelico = (P0). s Pelier = (P1). Veel

If we rewrite the presented optimal transport problem with the mass flux j, instead of the product
pev. for each edge e € £, we obtain a convex problem with linear side constraints. Based on this form,
we obtain the following extensions for different combinations of coupling- and boundary conditions.

Definition 3.1 (Optimal transport problem). If there are no boundary vertices (10V| =0 so V :]; ) and
thus no boundary conditions, we can formulate the optimal transport problem with coupling conditions
based on the generalized Kirchhoff’s law (VF KL) as:
inf I Vs bject t OT VFKL
U SR (PsJs V1) subject to ( )
yeM+(§>,feM(§>

e 3.
0="L 2 Vee&, xel0,L.], tel0,T] (CE 1)
at ox
L= Jile = D el Vvep, te[0,T]  (VFKLI)
5;(6;)8:\) (Sf(ee;g;v
Yy o
So=1 Yvey, tel0,T] (VFKL 2)
Pelizo = (P0)e s Pelier = (1), Veec& (CE?2)
Yolieo= ), » Wolier = (¥1), Vv ey (VFKL 3)

When using the classical version of Kirchhoff’s law (C KL) at the interior vertices (corresponding to no
storage of gas at interior vertices), then this simplifies to:

p€M+(1gr)1£€M(5) c(p,)) subject to (OT CKL)

0=3£e+z;]; Vee&, xel0,L], r[0,T] (CE 1)

0= Jber.— Y Jelco Vv eV, tel0,T] (CKL 1)
N

Pelizo = (P0)e s Pelir = (Pr). Yee& (CE 2)

The optimal transport problem (OT VF KL) is exactly the same as the model studied in [8], while
(OT CKL) was analysed in [14]. In both cases, no boundary vertices are present and thus mass transport
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into or out of the network is not possible. In view of our application, we hence extend these problems
by the following boundary conditions.

Remark 3.2 (Extension with boundary conditions). If boundary vertices are present (|10V| > 0so V =

ayu ]O/D];), then depending on the type of boundary conditions, different constraints need to be added
to the optimal transport problem. Assuming time-dependent boundary conditions, then the following
constraints need to be included:

0= ( S E je|X=Le> =Y eleo Yvedt), tel0,T] (TD BC 1)
o S
0= > jeler, — (df + Yy jg|x0> Yved Vv, tel0,T] (TD BC 2)
BEE (if::v & f(eef::u

Similarly, for time-independent boundary conditions, the following constraints, as well as initial and
final conditions need to be included in the optimal transport problem instead:

5, = Z Jeliso — Z Jelis, YvedtV, tel0,T] (TIBC 1)
& éé’(f?‘)f/‘::v (SEE (ee;;:: v
do=Y " jeler. = D Jelo YvedV, te0,T] (TIBC 2)
S ooy
as,
S =5 YvedtV, tel0,T] (TIBC 3)
aD, _
- =d Yved V, tel0,T] (TIBC 4)
Sulio=1S%], Sulor =0 Yvedty (TIBC 5)
D,|,.y=0, D,|,_; =D° Yved vV (TIBC 6)

In order to avoid s, (t) >0 or d, (t) <O for all t€[0,T], we require —se M, (0"V) and d e
M (07V). In addition, for time-independent boundary conditions, the cost functional changes to

inf c j S,s,D,d or inf c i, S,s,D,d
e e (0.4, v.f>S,5,D,d), et e (0,J,S,5,D,d),
yeM+<\i’),_f'€M(\3>, S, —seM+(3+V),
D,de M (37V)
S, —seMy (0FV),
D,de M (37V)

depending on the type of coupling conditions at the interior vertices.

Examples for possible (action or) cost functionals will be given in subsection 4.2, aiming at calcu-
lating the necessary kinetic energy for the transport, which is sensible for gas networks as well as being
a typical type of action functional used for dynamic optimal transport.

3.3. Feasibility of the optimal transport problem

Depending on whether we allow storage of gas at interior vertices )oj or not, and depending on the exis-
tence of boundary vertices and the type of boundary conditions, necessary conditions for the feasibility
of the optimal transport problem differ slightly.
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Table 1. Contributions to the total mass

Term Intuition

ZUQ; v, () Gas stored at interior vertices

D ey Sy (D) Supply, which has not entered the network yet
Y ves-v Dy (D Demand, which has already exited the network
D e fOL" 0. (x, 1) dx Gas in the pipes of the network

So far, the continuity equation and the Kirchhoff’s law respectively only ensure local mass con-
servation; however, we are naturally interested in analysing global mass conservation for the entire
network.

Definition 3.3 (Total mass). Depending on the type of coupling conditions and whether there are any
boundary vertices, the total mass X (t) at time t € [0, T] on the graph G = (V, £) is defined as

o Classical Kirchhoff’s law and no boundary vertices:
L
Em:Z/pmmw
ece VO

e Classical Kirchhoff’s law and time-dependent or time-independent boundary conditions:

Le
SO=Y S0+ Y Dv(t)+Z/ pe (x,1) dx
0

vedty VeI~V ee&

o Generalized Kirchhoff’s law and no boundary vertices:

L,
2@:2%@+Z/pmmm
B 0
vey

ee&

Generalized Kirchhoff’s law and time-dependent or time-independent boundary conditions:

PORACED DENCRD DY QVACT R
0

vedty vea~y ee€

TO=) v+
vey

Observation 3.4 (Total mass). The contextual interpretation of the different terms in the total mass
Y (¢) is given in table 1. Moreover, note that for time-dependent boundary conditions, the source vertex
mass density S, and sink vertex mass density D, at time t € [0, T] can easily be calculated by utilizing
the given source vertex flux s¢ and sink vertex flux d° with

/f@&

The condition of global mass conservation can thus be written as the following.

S, ()= , and  D,(t)= / de (7) di.
0

Definition 3.5 (Global mass conservation). The global mass conservation condition in a graph G =
WV, €) is given by
X (1)
at

Remark 3.6 (Global mass conservation). For the measures p., v,, S, and D,, we will always assume
that they are chosen in such a way that the total mass in the network is constant for all t € [0, T], so

—0  Yte(0,T).

T (1) = C € Ra,.
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Hence, we especially demand that the initial and final conditions fulfill
0 =x2{T=C
in order to obtain a feasible optimal transport problem.

The global mass conservation conditions can be used to define feasible upper bounds for the total
demand of all sink vertices for the time period [0, T].

Proposition 3.7 (Upper bound for the demand with time-independent boundary conditions). In the
case of generalized Kirchhoff’s law at interior vertices and the existence of boundary vertices with time-
independent boundary conditions, the accumulated demand D =" _, ., D, (T) of the time period [0, T
is bounded from above through the inequality

Zyu (0)+|S|+Z/ 0. (x,0) dx > D,
ec€
where |S|=)" .-, S, (0) corresponds to the accumulated supply for the time period [0, T].

Proof. If we compare the total mass X (t) for any t € [0, T] to the initial total mass % (0), then we obtain
the equation

Zyv<0>+ PIREURD I (0)+Z/ pe (3,0) dr =

\JE(+V |S°| VeI~V ee&
Zyv<t)+ Y s+ ), D (r>+Z/ pe (x, 1) dx,
vedty vea~y ee& 0

which can be rewritten to

YO+ > (

G —s, (t))+Z/ e (6,0) dx=
0

©, veat
eV Y sl
Zyl, O+ Do +Y / pe (1) dx. (GMO)
veda~y _f() d.,(t) & ee€

The left side of the global mass conservation equation (GMC) calculates the amount of gas stored in
the network at time t = 0 (in interior vertices or in the pipes) plus the gas, which has entered the network
through source vertices in the time period [0, t]. The right side encodes the amount of gas in the interior
vertices or the pipes at time t together with the gas, which has exited the network through sink vertices

in the time period [0, t].
/ s, (1) dt
\IEV

For t =T we obtain from the GMC
Zyu(TH 3 / d, () dr+Z/ pe (6 T) dx,

PRAVESDD
ved— vV 2=

+ X [0 ac=

vedty ee€

which is equivalent to

Zyv<0>+|S|+Z/ pe (x,0) dx= Zyv(T)+D+Zf pe (x,T) dx.

eck ece VO
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By utilizing the non-negativity of the vertex mass density y and of the mass density p

neM (V). pneM © = D n@, Z/ p. (x.T) dx =0,

0
VEV ec&

we obtain the upper bound for the accumulated demand of all sink vertices v € 3~V

Zm@+m+2/pmmm>0

eck 0

Corollary 3.8 (Upper bound for the demand with time-dependent boundary conditions). If the graph
has boundary vertices with time-dependent boundary conditions and uses generalized Kirchhoff’s law
as coupling condition at interior vertices, the accumulated demand at all times t € [0, T] is bounded

above by
/ s dt

. G . G . o7
which can be used to test the given source vertex flux s, and sink vertex flux d; for plausibility.

Zm©+2

veaty

+Z/pﬁmw>2/f

ec€ v~V

Proof. The non-negativity of the vertex mass density y and the mass density p on the right side of the
GMC

yue./\/u(D) PeEM, (E) = Zyu Z/ pﬁxtdx>0
vev ee€

holds true for all T € [0, T]. Therefore, we obtain the inequality

S o+ Y S<r>+2/ pe(5,0) dr= 3D, ().

vedty ee€ v~V

VEV
Plugging in the definitions of the source vertex mass densities S¢ and S,, as well as the sink vertex mass
densities D,, yields
/ dt
vev

PEAVEDS
forall t € [0,T] O

+Z/pmmm>2/f

vedty ee&

The global mass conservation equation (GMC) together with the upper bound for the accumulated
demand can be used to test given initial, final and boundary conditions for possibly leading to an infeasi-
ble optimal transport problem. However, note that these tests do not detect instances which for example
require unfeasibly fast velocities v, violating the necessary upper bound for the flow rates, when going
from (ISO1) to (ISO3).

3.4. Strong and weak solutions of the continuity equation constraints

Assuming feasibility of the introduced optimal transport problem, we now want to define strong and
weak solutions of the continuity equation constraints (CE 1), (CE 2) combined with the constraints
from the coupling conditions and possibly the boundary conditions.

For the introduction of strong solutions, we need a variety of conditions:

(S1) Veef&: (x,t) — p, (x,t) continuous on [0, L,] x [0, T] Ve &, Vx [0, L.] :t — p, (x,t) continu-
ously differentiable on (0, T')

(82) Vee&: (x,t)—j, (x,t) continuous on [0, L,] x [0,T] Ve &, Vt€[0,T] :x+> j, (x, ) continu-
ously differentiable on (0, L,)
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(S3) i) peM,(&),je M (&) fulfill the constraints (CE 1), (CE 2) and (C KL 1)
ii) peMi(E),jeME), yeM, ()3) and f e M (1;) fulfill the side constraints (CE 1),
(CE 2) and (VFKL 1) - (VFKL 3)

(S4) Vv 610} :t+ y, (t) continuous on [0, T'], and continuously differentiable on (0, T') (which directly
implies Yv ef} :t+— f, (¢) continuous on (0, 7))

(S5) Yved™ Vit S, (f) continuous on [0, 7], and continuously differentiable on (0,7) (which
directly implies Vv € 0" V:t > s, (f) continuous on (0, T))

(S6) Yveod Vit D, (t) continuous on [0, T], and continuously differentiable on (0,7) (which

(S7) directly implies Vv € 3~ V:t+> d, (f) continuous on (0, 7))

i) S,—se M, (0@"V)and D,d € M (0~V) fulfill the constraints (TD BC 1), (TD BC 2)
ii) S,—se M, (0*V)and D,d € M (0~V) fulfill the constraints (TI BC 1) - (TI BC 6)

Definition 3.9 (Strong solutions). A strong solution of (CE 1), (CE 2) together with the constraints of
the (generalized) Kirchhoff’s law and the constraints of possible boundary conditions, consists of a tuple
of functions fulfilling the following conditions:

o Classical Kirchhoff’s law and no boundary vertices: (p, j) fulfilling (S1), (S2) and (S3) i)

o Classical Kirchhoff’s law and time-dependent or time-independent boundary conditions:
(p,J,S,s,D,d) fulfilling (SI), (S2), (S3) i), (S5), (S6), and (S7) i) or (S7) ii)

o Generalized Kirchhoff’s law and no boundary vertices: (p,j, v,f) fulfilling (S1), (S2), (S3) ii) and
(54)

o Generalized Kirchhoff’s law and time-dependent or time-independent boundary conditions:

(0,4, v.f> S, 8, D, d) fulfilling (S1), (S2), (S3) ii), (54), (S5), (56) and (S7) i) or (S7) ii)

Remark 3.10 (Vertex fluxes in strong solutions). The vertex excess flux f can be calculated directly
from j based on the generalized Kirchhoff’s law at the interior vertices and since the vertex flux is not
restricted to a non-negative sign, it can also be omitted from the definition of strong solutions. As the
source vertex flux s and the sink vertex flux d need to fulfill non-positivity and non-negativity conditions
respectively, they can only be omitted from the definition of strong solutions, if corresponding constraints
for the sign of the time derivatives of S and D are included.

For the definition of weak solutions, we need suitable test functions defined on the domain of the
raph
g p QQ:Z (XVEV {V}) X (Xeeé' [09 Le]) .

Definition 3.11 (Test functions). We call a continuous function ¢:Q2g x [0, T] —> R a test function, if
for all edges e € & its restriction ¢,:= ¢|, is continuously differentiable on (0, L,) x (0, T). In addition,
for any vertex v €V at any time t € [0, T] we use the notation ¢,:= ¢|,, as ¢ is continuous across
vertices.

The following conditions for the definitions of weak solutions can be derived from the presented
strong solutions. Here, £ denotes the standard 1-dimensional Lebesgue measure on [0, T7].

W1 peM, () andje M ()
(W2) p fulfills the constraints (CE 2)

(W3)
i) j fulfills the constraint

[z

L.
/ . (0] dede < oo

0
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ii) J, s and d fulfill the constraint

/(Z/ | je (x, 1) dx — ZSV(I)+Zd(t)>dt<oo

ec& vedty VeI~V

iii) jand f fulfill the constraint
f (Z/ ool det 31 (r)|)dr<oo
ece VO
vEV
iv) j,f, s and d fulfill the constraint

/ <Z/ e ) dx+21f 0= Y s w+ Y du(r>>dr<oo

ec€ vedty ved—V

(W4) ye/\/l+( )andfeM( )

(W5) y fulfills the constraint (VF KL 3), Vv e]; and for L-a.e.t€ (0,T): % =f, ()

(W6) S,—se M, (0"V)

(W7) D,de M, (07V)

(W8) S fulfills the constraint (TI BC 5), Vv € 0tV and for £L-a.e. 1€ (0, T) : % =s, (1), D fulfills the
(W9) constraint (TI BC 6), Vv € 97V and for L-a.e. 1€ (0,T) : 222 =d, (1)

i) V test functions ¢ and L-a.e. t € (0,7):

Z/ 8/)(' ()C t) (0(,( t) dx = Z/ Jg ()C t) 3% ()C t)
0

eeE ece VO

ii) V test functions ¢ and L-a.e. r€ (0,T):

dpe
Z/ p()”) o@D+ Y s De, O+ Y d e, 0=

ee€ vedty ved~V

Zf i ( 3§0e(x f)

ece VO

iii) V test functions ¢ and L-a.e. t € (0,7):
ap. (x 1) 3% (x t)
Z/ ———¢, (x r)dx+Zf(r>gou<r>—Z/ Je (.
ee& ue\} ee&
iv) V test functions ¢ and L-a.e. € (0, T):

9.
Z/ P g 0tk 3L D0 0+ Y 5 00

n
ecE VEV vedty

+Zd(t)¢v(t)—2/ i 8<pe(xz)

ved~y eef

Definition 3.12 (Weak solutions). The tuples (p,j), (p,Jj,S,s,D,d), (p,j,v,f) or (0,],v.f,S,s,D,d)
constitute weak solutions of (CE 1), (CE 2) combined with (C KL 1) or (VF KL 1) - (VF KL 3), and
possibly also (TD BC 1), (TD BC 2) or (TI BC 1) - (TI BC 6), if they fulfill the following conditions:

e Classical Kirchhoff’s law and no boundary vertices: (p, j) fulfilling (W1), (W2), (W3) i) and (W9) i)

e Classical Kirchhoff’s law and time-dependent or time-independent boundary conditions:
(0., S, s, D, d) fulfilling (W), (W2), (W3) i), (W6), (W7), (W8) and (W9) ii)
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o Generalized Kirchhoff’s law and no boundary vertices: (p,j,y,f) fulfilling (W), (W2), (W3) iii),
(W4), (W5) and (W9) iii)

e Generalized Kirchhoff’s law and time-dependent or time-independent boundary conditions:
(0,4, v, S8, D,d) fulfilling (WI), (W2), (W3) iv), (W4), (W5), (W6), (W7), (W8) and (W9) iv)

4. p-Wasserstein distance as cost of transport

In order to find solutions of the optimal transport task on a given gas network, we first need to assign
suitable costs to each feasible transport plan. Thus, we will first review different formulations of the
classical p-Wasserstein distances and secondly extend those to our case.

4.1. General p-Wasserstein distance

Given a metric space (2, d), where we assume the domain 2 C R* with k € N to be bounded, the
p-Wasserstein distance can be defined in the form of a static formulation based on the distance function
d, or it can also be given in a dynamic formulation using absolutely continuous curves u: [0, T] —
M, ().

In literature, the study of the p-Wasserstein distance mostly utilizes the distance function d (x, y) :=
|x — y|, where | - | denotes the vector norm in IR*. The following static formulation of the p-Wasserstein
distance could analogously be formulated for a general distance function d, however for the correspond-
ing dynamic formulation of the p-Wasserstein distance, the cost needs to be associated with an action,
see for example [29, Chapter 7] for details.

Definition 4.1 (p-Wasserstein distance [2]). For two probability measures iy, i € P (), the static
Jormulation of the p-Wasserstein distance for p € [1, 00) is defined as

1

~ »

W, (i, br) = min x—yl” dm (,y) ¢
7w ell(po,147) axQ

with T1 (o, ) being the set of all joint probability distributions w on 2 x 2, with the respective
marginals o and iy, i.e. jo (x) = [, 7 (x,y) dy, and ur (y) = [, 7 (x,y) dx.

Remark 4.2 (p-Wasserstein distance). As we assume 2 to be bounded, the finiteness of the p-th moments
of 1o and wr are not required. However, for non-negative bounded measures 1y, i1, € M, (2) instead
of probability measures, the p-Wasserstein distance is only able to assign costs to balanced data, i.e. |
and |y need to have the same total mass

/ Mo (2) dz= / ur (z) dz.

In their seminal work [5], Benamou and Brenier introduced a dynamical formulation of the
2-Wasserstein distance that was also extended to the case p # 2. In this formulation the task is to
minimise an action functional, which corresponds to the kinetic energy of curves connecting the
initial measure p, to the final measure ;. This minimization is subject to the initial and final con-
ditions, u|,_, = o and w|,_; = ur, as well as the continuity equation ‘2—‘: + % = 0 and therefore closely
resembles the models introduced in Section 2.

Proposition 4.3 (p-Wasserstein distance). For Q = R* and two probability measures iy, ity € P (2),
the dynamic formulation of the p-Wasserstein distance for p € [1, 00) is given by

1
T P
W, (1o, per) =in {/ / v @) du, (x) dt} ,
1Vt 0 Q

where the infimum runs over curves of measures u, € P () and v, € M(Q*) for t € [0, T, which satisfy
the continuity equation in the sense of distributions and are such that ||,_o = Wo, UL]—r = 1.
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Note that, to increase readability, we will always denote the densities of measures with respect to a
given reference measure such as the Lebesgue measure by the same symbol as the original measures
themselves.

Remark 4.4 (Reference measures). For simplicity purposes, we will assume that in all further formu-
lations | is absolutely continuous with respect to the Lebesgue measure. Thus there exists a reference
measure [L such that [t dx = du. Therefore, from now on we will write i1 dx instead of du. Note that this
transformation works as well for more general reference measures.

The dynamic formulation of the p-Wasserstein distance can also be written in terms of mass density
and mass flux (instead of mass density and velocity), resulting in a convex minimization problem with
linear side constraints. For this formulation we will write u instead of p, since later on, the measure
will not only consist of the mass density p, but also the vertex mass y, and optionally the source vertex
mass S and the sink vertex mass D.

Furthermore, we will restrict the set of feasible mass densities to u € M, (22 x [0, T]) and in order
to avoid a positivity constraint for p, when reformulating j:=vu to v = ﬁ, we define

h',‘,",pl b>0,
hRxR,— R, (@b)r—>h(ab)={0 b=a=0, “4)

400 b=0, a#0.

Applying all these reformulations results in the following dynamic formulation of the p-Wasserstein
distance.

Observation 4.5 (Dynamic formulation of the p-Wasserstein distance). Using a reparametrization in
time argument (see, e.g. [2, Lemma 1.1.4]), the p-Wasserstein distance for two probability measures
o, iy € P (2) on a convex and compact domain Q2 is given as

W? (o, 1) = (DYN-T)

r w4
min {Tpl / / h (] (-x9 t) s U ()C, t)) dxdr| o o ’ } 4
HEM@x(OT). o Ja Wlimo = Mos Mlier = pr

Note that, this formulation of the p-Wasserstein distance is restricted to physically feasible solutions,
as W? (o, ur) < 00 is only possible, if for L-a.e. x € Q and t € [0, T] either

nx0>0 or pxn=j1=0,

so a non-zero flux is only possible if the mass density is positive. (Here, L denotes the k + 1-dimensional
Lebesgue measure on Q x [0, T] € R*!)

4.2. p-Wasserstein distance on networks

In order to utilize the p-Wasserstein distance as the cost functional for the transport along an edge e € £,
we can set 2:=[0, L,] as well as k:=1, and with the notation of the previously introduced optimal
transport problems we can thus write for a given initial mass distribution of gas (o), € IP ([0, L.]), a
given final distribution (p7), € P ([0, L.]) and the mass flux j, along the edge e

e de

e 4 & =0, }

dx

T L
Wﬁ((ﬂo)w(pr)e)=ﬂmln {T”_/O/O h (e (x, 1), pe (x, 1)) dxdt el = (00 s Pelir = (or),

e €M 4 (e),
Je€M(e)

For a single interior vertex v €)), in the case of generalized Kirchhoff’s law as coupling condition,
we could also write the cost of transport from an initial vertex mass density (), € IP ({v}) to a final
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vertex mass density (y7), € P ({v}) with vertex excess flux f, as

T oy
w? , = min {77 / h(f, @),y &) dt| o =/ } ,
P ((VO)\; (yT)u) V}EE/X[/T(L‘;)’ { o (f ( ) J/ ( )) yu|[:0 — (VO)U , yu|[:]" — (VT)I)

where instead of the standard continuity equation, we have f’ai,” =/, to ensure mass conservation in the
vertex.

Observation 4.6 (p-Wasserstein distance at interior vertex). The application of the dynamic formulation

of the p-Wasserstein distance to an interior vertex v e]o/ is not particularly interesting as (yy), , (Vr), €
P ({v}) directly implies
(o), = (1), =46,

and as h (f, (), y, (t)) >0 for all y, e M, ({v} x [0, T]) and f, € M ({v} x [0, T]), the unique strong
solution of the dynamic formulation of the p-Wasserstein distance is given by

), =), =y, () =4, and  f, (1) =0,

because f, (t) # 0 for some t € [0, T] would lead to

h(f, @), v, (D) €Rogfory, 1) >0 and  h(f, 1),y (1) =o00fory, (1) =0.

The continuity of t — vy, (f) and t — f, thus would lead to TP~ fOT h(f, (t),y, () dt > O if there exists
any t € [0, T] with f, (t) #0.

By extending the previous remarks about the dynamic formulation of the p-Wasserstein distance on
a single edge or an interior vertex, we can define the p-Wasserstein metric on general oriented graphs
modelling network structures.

Definition 4.7 (p-Wasserstein distance on networks without boundary vertices). For an oriented graph
modelling a network, the dynamic formulation of the p-Wasserstein distance, depending on the coupling
condition at interior vertices, is given by

o Classical Kirchhoff’s law and no boundary vertices, with jy:= py and jLr:= pr:

T Le
WI!; (MO? /’LT) = pe%if(lg), {Tp_l /0 Z (\/0. h (je ()C, t) s Pe (-xs t)) dx) dt

JjeEM(E) ee&

Vee&: 1), 2)
YoeV: 3) i)

In [14], this case for p =2 is considered, including a proof that the 2-Wasserstein distance with
classical Kirchhoff’s law and no boundary vertices does indeed define a metric on a given metric
graph.

o Generalised Kirchhoff’s law and no boundary vertices, with py:= (0o, o) and pir:= (pr, vr):

T L
4 — : p—1 P
wr (MO,MT)—DEM+(I<£1)%§1€M(£)’{T /0 Z( /0 hGe 1) pe (5. 1) dx)

yeEM4(V),feM(V) ee€

+ D R (@), () di

veV

Vee&: 1), 2)
YveV:3 i), 4), 5)

This case with p =2 is analysed in [8], including a proof that the 2-Wasserstein distance with
generalized Kirchhoff’s law and no boundary vertices does define a metric on a given metric graph.
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The respective side constraints are given by

) %+ %=0 4) P =1,

2) pelio=1(Po)e > Pelir = (p1), 5) Vlio=0)y s Volier = (v1),
3 0= ZeeS:SE(e)=u jf'x:Le - Zee&és(e)=v jt’lx:o

3i) fi= ZeeE:(iE(e)=u je'x:L(, - Zeg.s:as(e):u je|x:o

This definition of the p-Wasserstein distance allows for a specific type of unbalanced optimal trans-
port, as mass can be moved from edges (the network) to vertices (storage opportunity), and vice versa,
for additional costs, i.e. kinetic energy. In literature, this is known as the Wasserstein—Fisher—Rao met-
ric or the Hellinger-Kantorovich distance (cf. [24]). The concept of unbalanced optimal transport can
be further generalized to also include boundary vertices and therefore the possibility to move gas from
interior vertices and edges to boundary vertices (supply and demand).

Remark 4.8 (p-Wasserstein distance on networks with boundary vertices). For an oriented graph with
boundary vertices, the dynamic formulation of the p-Wasserstein distance, depending on the coupling
condition at interior vertices, is given by

o Classical Kirchhoff’s law and time-dependent or time-independent boundary conditions, with [1y:=
(Pos So-Do) and pr:= (pr, Sr, Dr):

L.
Wy (o p) = min {T” ! / ) ( / hGe (6.1)  pe (x,1)) dx)

S—seMy (V) ec€
Dde M+ (37V)

Yeec&: 1), 2)

Vey:3 i
+V§v hy (s, (D), S, (t))+v§V b 0.0, @) di | VSO

YvedV: 9), 10), 11)

o Generalized Kirchhoff’s law and time-dependent or time-independent boundary conditions, with
Ho:= (po, Yo, S0, Do) and pr:= (pr, yr, Sr, Dr):

WP (o, 1) =
min / ) ( / hG. 0 p. 060 dx) SPIUCURAC)
J/EM+<V) feM(V) ec& vey
S,—seMy (07V),
DdeM (97V)
Veel: 1), 2)
Yvey:3 i), 4), 5)
+U§V h (s, (1), S, (t)’tHv;v ha (d, (). D, (0,0 d | 02200 6. 7.8 |[°

YvedV: 9), 10), 11)

The function h is defined in (4). As for the supply and demand contributions, we allow for different
costs, hy and hy, that may also depend on time and have to be chosen depending on the application.
For example, they could include effects of changing gas prices. Moreover, the additional constraints are

given by

6) Sy = ZeeS:BE(e):v j€|x=Lg - Zeegtﬁs(e):v jel.\’=0 9) d ZEES SE(e)=v j"'|X=Le - 2965:55(9):1) j€’|x=0
7) By, 10) 2 =4,

8) Siho=8]. S.lr=0 1) Dylg=0, Dyliey =D
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Remark 4.9 (Absolutely continuous curves). Based on the work of [2], the modelling of gas networks
and the corresponding analysis of the p-Wasserstein metric on metric graphs can be extended by the
study of absolutely continuous curves. In [ 14], this has already been done for the case of p =2, classical
Kirchhoff’s law and no boundary vertices, and we postpone a generalization of the presented results to
future work.

5. p-Wasserstein gradient flows

Our next goal is to study, on a formal level, gradient flows with respect to the p-Wasserstein dis-
tances introduced previously. Our starting point is a time-discrete approximation using the minimizing
movement scheme

M), = arg min (pﬂ,l WP (. uf,) +E (M)) , (5)
for some t > 0. In the metric setting (cf. [2] and [1] for the case p # 2), it can be shown that as T — 0,
an appropriate interpolation of minimizers converges to a solution of the respective gradient flow.

Here, we will instead derive optimality conditions for t > 0 to obtain the general form of the resulting
gradient flows. In a second step, we will identify the energy that recovers the (ISO3) model, interestingly
for p = 3. We emphasize that this approach automatically yields additional coupling conditions for the
Kantorovich potentials, which are necessary to obtain a well-posed optimality system.

5.1. p-Wasserstein gradient flow on networks

In the following, let us derive a more concrete structure for Wasserstein gradient flows on networks (for
the case of classical Kirchhoff’s law at interior vertices and no boundary vertices). For this sake we
consider energies of the natural form

E(u) =Y E.(p.),

ec€

i.e. an additive composition of functionals on each edge e € £.

With this choice, our next goal is to derive optimality conditions for (5). A formal derivation can be
obtained from assuming the existence of a saddle-point of the associated Lagrange functional, whose
first variations can be set to zero. We first note that

1 8pe j.
pl—pfl W;f ((Iot)e > (pt+1) ml/n max Z / / < ¢e + ¢e> dxdr

for t >0, t€[0,T — 7] and test functions ¢,, which, in case of the test function being a maximizing
argument, correspond to the Lagrange multipliers. Here, the minimization is carried out among those
Pes jo, which fulfill the given initial and terminal values and satisfy (9). Thus, the Lagrange functional
for (5) is given as

i 3F aj,
L(Pe,]e,fb)—Z/ /(“' apt¢e+a’x¢>dxdr+25<pg.

ecg V1 ee€

Then, the variation with respect to j, in direction k, yields

p—2
Z/ / (Je Ul (,+8—k€¢>e) drdr=0.
. ox

ee€
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Now, let us integrate by parts and use that each feasible variation k, still needs to satisfy Kirchhoft’s law,
which yields

0=3"1 D> k@l = D el | +

vey ecE: eel:
BF(e) v Bs(e)=v
p—2 8
Z/ / <J€U| ¢e>kgdxdt
ecg V1 ax
=> | X k.=, = Y k(b — P | +
vey ec&: ec:
sE(e)=v 85(e)=v
e 72 8 e
R e
ecg V1 ax
with the nodal mean
1
D,:= é. + o |,
deg(v) Z ;

F(e) v 85(e)=v
and the degree function
deg:V — Ny v>deg(v):=|{ecf|vee},

where for a connected graph it holds true that deg (v) > 1 for all vertices v € V.
Choosing arbitrary fluxes k, with compact support inside a single edge immediately yields

p 1 a¢
ax

for each e € £. Choosing further arbitrary k, with support only close to a single vertex v €} (up to
satisfying (9)), we see that further the condition

el =

P =D, Ve € £ with 8%(e) = v or §%(e) = v

holds for the vertex v. For dead-end vertices, i.e. deg(v) = 1, this yields no additional conditions, while
for all other vertices this implies continuity of the dual variable.

To relate the dual variable to the energy, we can compute the variation of L with respect to (o,.),.
As in the metric Wasserstein case, cf. [2, 28], it turns out that the optimality condition becomes

¢. (t+1)+E (p. (t+7))=0.

In the limit 7 | 0, we hence obtain the following interface conditions: There exists a nodal function
®:V — IR such that

E(p.)=®, Ve € £ with 85(e) = v or §%(e) = v, 6)

for vertices v € V. Since ®, is not a variable of physical interest, this condition effectively means the
continuity of the energy variation across nodes.

To summarize, we obtain that, similar to the case of Wasserstein gradient flows in domains, the
gradient flow equations are given by

0. = .
Jt ox

9
Je el = =pi7 = (E'(p) (8)

=0, (N
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together with the classical Kirchhoff condition for all v € V

0= " Jeher.— Y Jelco> ©)

ecf: ecl:
sE(e)=v §5(e)=v

and the coupling conditions (6).

5.2. The (ISO3) model for gas networks

In the following, we turn our attention to the (ISO3) model of transport in gas networks, which is derived
and embedded in a full model hierarchy in [11] (see also Section 2.1). Based on mass density p, and
velocity v, functions defined on edges the (ISO3) model is given by

Bp

ar (pe ) =

)»g .
z_uloeve |Ve| = _5 (pe (10@)) — &P, S1n ((,L),_,) >

together with the classical Kirchhoff’s condition (C KL) on the vertices of the network.
We start by reformulating the model in terms of the mass density variable p, and the flux variable j,

as:
.  9J.
P e _o
ot ox
o 2D, 9 ,2D,g .
Je l]e' = _Tpe_ (pe (pe)) - pg A s (Cl)g)
= (0222 o) + 02228 in ()
= Aa(ppe pkesmwe

Comparing to the general form of the Wasserstein gradient flow (7),(8) for p = 3, we obtain the following
expression for the derivative of the driving energy

D9 (p.))
op. 0% (pepl)+ e

on each edge e € £, for some energy still to be determined for the (ISO3) model.
As usual, we need to introduce an entropy functional, which — due to the dependence on diameter D,
and friction coefficient A, — may vary with the edge. The derivative of the entropy is defined as

sm (w,)

ad
—FE —
pACE

2D, p.
F(sy= 222 ©
Ae S
and we define F, as a second primitive with F, (0) = 0. Then we see that for p, > 0
ad 2D,
E g(e)_ —(p(pe))
€p€

holds. Note that F7/(s) ~ ”% is a standard entropy—pressure relation arising in the overdamped limit of
fluid models (cf. e.g. [16]). In the case of a linear pressure p,(s) ~ s we arrive at the well-known log-
entropy F,(s) =slogs — s, but other choices of the pressure such as polynomial laws are possible as
well. The essential property is convexity of the entropy, which is equivalent to p, being monotone.
With the short-hand notation
2D,.g

Coi= sin (w,) ,

e

we obtain the energy functional

Ew=Y" / (F. (p) + cp.+dop) d.
¢ 0
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Note that d, is an arbitrary integration constant, which however impacts the gradient flow as soon as
there is more than one edge, because the mass per edge is not necessarily conserved then. Since a global
change by a constant will not affect the result, due to the overall mass conservation on the network, we
can however use the condition

> d.=o. (10)

ec&

As the derivation above shows, the gradient flow formulation immediately yields the appropriate
interface conditions (6), in addition to the classical Kirchhoff’s law for (ISO3), which are given by

F(p)+d,=®, Vee&withs’(e)=v,
F.(p)+cL.+d, =, Ve € £ with 8%(e) = v,

for vertices v € V.

The interface condition effectively means that the potential F/(p,) 4 c.x + d, is continuous across
vertices. This may seem quite arbitrary, since a potential is usually specified only up to a constant.
However, we have to understand the potential rather as a global quantity on the network, so clearly
changes on single edges affect the global structure of the potential. Since there is quite some freedom
to determine the constants d,, we could in turn specify certain interface conditions and determine the
associated potential. Again, it is reasonable that different jump conditions on the vertices have the same
effect as changing a potential.

5.3. Vanishing diffusion limit

As mentioned above, there are several potentials, and thus interface conditions, that lead to gradi-

ent flows. We may want to specify however a potential such that in the limit of vanishing diffusion

(F, =0), we obtain a consistent system. The problem of vanishing diffusion has been investigated for

linear problems on networks in [13] with a focus on incompressibility rather than a gradient structure.
Consistency of the vector field with the vanishing diffusion limit means

d,=o, Ve € £ with 8%(e) = v, (11)
cL,+d =, Ve € £ with 8%(e) = v, (12)

for v € V, which —together with (10) — can be considered a system of linear equations for the variables d,,
or can even be extended to a linear system for the variables d, and ®,. Hence, it is natural to investigate
the (unique) solvability of this system.

The number of unknowns is |€]| 4+ |V|, while the number of equations is ) _,, deg(v) + 1. By the
sum formula (also known as the Handshaking-Lemma) [6, Theorem 1.1], we have Zvev deg(v) +1=
2 |&] + 1. Thus, the number of equations and unknowns coincides if |£] + 1 =|V/|.

It is a simple exercise to see that |£| > |V/| implies the existence of a cycle (cf. [6, p.15]) in a so-called
simple graph (a graph without loops and parallel edges). Hence, in a simple connected graph without
a cycle (which seems a suitable condition for gas networks), we have || + 1 < |V|, which is however
also a lower bound for the number of edges. Thus, in this case, the number of equations and unknowns
coincides and we can see that the linear system has full rank.

Proposition 5.1. Let the graph G = (V, £) be a tree (simple, connected and contains no cycles). Then
there exists a unique solution (d,, ®,) of the linear system (10), (11) and (12).

Proof. Since under the above conditions on the graph, we have verified that the number of equations
(10)-(11)-(12) and unknowns in the linear system coincides, we only need to show that the homogeneous
problem (corresponding to ¢, =0) has a unique trivial solution (i.e. the nullspace of the associated
matrix is trivial).

We first notice that in the homogeneous case, the orientation of the graph plays no role and that (11)
and (12) imply that d, = d, if e and ¢’ are adjacent to a common vertex. Since the graph is connected,
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there exists a path that connects two arbitrary edges, hence by transitivity we obtain d, = d, for any two

edgese, e €&.
Since all d, are equal, (10) implies d, = 0 for all e € £, which further implies ®, =0 forall v e,
since each vertex is connected to at least one edge. O

We finally illustrate the choice of the constants with a simple example.

Example 5.2. Let us consider a very simple tree network consisting of the vertices V = {v;, vy, v3, 1},
and the edges £ = {e|, e,, 3} with

8 (er) =1, 8 (e2) =y, 8 (e3) =,

8% (e)) = vy, 8% (e2) =3, 8% (e3) = vy.
Thus, we obtain the following linear system:

d—P,=0 dy — Pz = —c1Ly

@ @ dog — P2 =0 dz3 —®2 =0

dy — &3 = —coLs d3 — Py = —c3L3
© di+dy+d3s=0

Solving this system yields d, = —3c,L, and d, = dy = ¢, L.

In the example we see that the constants d, on edges e, and e; only depend on the properties of edge
e, but not on ¢,, ¢3, L,, L;. Indeed it is easy to see that independence of the edge parameters is always
the case for an edge leading to an outgoing boundary of the network.

6. Numerical examples

This section presents several numerical examples of solutions to the transport problems introduced in
section 4 above. We examine different types of boundary conditions, always for the case p = 2.

Our numerical algorithm is based on a variant of the primal-dual optimization algorithm applied
to optimal transport that was introduced in [9]. We work with a slightly different discretziation of the
constraints as presented in [27] (and recently extended to metric graphs in [21]), yet only in the case of
no-flux boundary conditions.

The basic idea is to relax the constraints in the optimization problem by only asking them to be
satisfied up to a given, fixed precision. The main advantage of this approach is that, when adding the
relaxed constraints to the objective functional, this results in a simple proximal operator (i.e. an shrinkage
operation) which can be implemented rather efficiently. In order the stabilize the algorithm, we add
numerical diffusion by means of one half a discretized Laplace operator.

For concreteness, we focus on (TD BC 1) and (TD BC 2) to explain the algorithm in detail.

6.1. Discretizing the constraints

We start by discretizing the interval [0, L.] associated to every edge into an equidistant grid with N¢
points. The time interval [0, 77 is similarly discretized into an equidistant grid with N, points. With
8¢ =L,/N¢ and 8, = T /N, we obtain the grid points
x;=({—1)8 forecE, ie{l,2,...,N. + 1},
t=(k—1)4, forke{l,2,...,N,+1}.
Note that in this section, we will slightly deviate from the notation used before, as we will use super-

script e and superscript v in order to denote the corresponding edge or vertex, respectively, and not to
interfere too much with the additional indices coming from the space-time discretization.
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To any continuous function v:[0, L] x [0, T] — R we associate a grid function v, = (v;;)ix via
Vix = V(X ) forie{l,2,...,N,+ 1}, ke{l1,2,...,N,+ 1}.

Similar notation is used for grid functions associated to the spatial and temporal partitions, respec-
tively. On these functions, we define a scalar product, which we obtain by discretizing the integrals
involved using the trapezoidal rule. Given grid functions u, = (0}, ji\), Vi = (0;,.Ji;)» we have

Net1 Ny+1

(s vy =Y Y wiw! (plpl+ikdt) s el =/ v, (13)

k=1 i=1
with
ey,
P S, otherwise.

We denote by wj; a similar weight function for the composite trapezoidal rule associated with the tem-
poral partition and note that 22’:11 w; = 1. This renders the linear space of grid functions a Hilbert
space.

We will only present the discretization of the constraints for the variant used in (TD BC 1) and (TD
BC 2), with obvious modifications for the other cases. We discretize the continuity equation (CE 1)
using a centred differencing in space and a backward differencing in time for the interior grid points
ief{2,3,...N.}, ke{2,3,...,N,+ 1}, i.e.

Pk = Piet | Jiviw —Jicix
S * 26,
For the boundary we use a one-sided finite difference approximation to approximate d,j°, i.e. for i €
{1, N, + 1} we use

=0. (14)

Pl = Pisor  Jox =ik _
d, S,

PN, +1k _(Sp;a+1,1<—1 n j;vx+1,k5_jlg\{hk -0 (16)
t X

0, and (15)

We also add one half times a finite difference approximation of the Laplace for additional stabilization.
The coupling conditions (TD BC 1) and (TD BC 2) at the boundary vertices become

0= ( |s¢| + Z jﬁ,ﬁ.,k> - Z Tix Yvedty,
ecf:

eek:
SE(e)=U (Ss(e)=v

0= Z Iverii ™ (de'V + Z ji,k) Yved v,

eel: eel:
sE(e)=v 85(e)=v

forall k € {1,2,...N,+ 1}, while the vertex ODE:s at the interior vertices (1), become
Y — Vil
Wy

Since the discretization does not depend on j;;, we setj;; =1 fori=1,2,... N, + 1. Furthermore,
the initial and final conditions of both p¢ and y" are taken into account in the following way

=f', Wvey. (17)

P =p; (x;) and  p7y = p7(x) forie{l,2,...N.+ 1}, e€&, (18)
YW=v and yy. =y forvey. (19)
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Finally, since the continuity equation is only satisfied approximately, we explicitly add a constraint
on the total mass of the graph being a probability density

Ny+1

DY wi(on— b))+ > (=) =0 forke(2,3,...N,+1). (20)

ec€ =1 veV

6.2. Primal-dual algorithm

We now sketch the main ingredients of the primal-dual algorithm, referring to [9, 27] for details. As
mentioned above, the key idea is to enforce the constraints (14)—(20) only up to a finite precision,
i.e. using the norm (13), instead of (14), we only ask for

Ni+1 pe _pe J'e _je 2
ZW;€<WT< ik 5 ik—1 + t+l,k28 1—1,k) >§812

k=2

These weakened constraints are quadratic and can be written in the form
Auecgz{x | ||x,—b,||2§8j,j=1,...,8},

where the vector u contains the coefficient of the grid functions (o, m,). We have a total of 8 constraints
since we include, in addition to the continuity equation on the edges, the initial- and final data for p° and
for y”, the coupling conditions at the vertices, vertex dynamics and an additional mass constraint. Note
that the weights w} and wj are included in the definition of A; and b;, respectively, and the vectors x; are
slices of the vector x corresponding to the number of rows in A;.

We define the matrix A by vertically concatenating the matrices A, forj =1, ..., 8. We note that A is
the matrix of a linear map from the Hilbert space of grid functions, with the inner product being defined
in (13), to a Euclidean space.

We then aim to solve the fully discretized, problem

Ni+1 Ny+1 Ni+1

i (Z Do D wiwh(pl i)+ YD h(n&f:)) +ic, (Au),
ee€ k=1 i=1 veV k=1

where i denotes the convex indicator function and with 4 as defined in (4) and p =2. We now have an

unconstrained optimization problem involving a convex, yet non-differentiable, functional and thus we

can employ a primal-dual algorithm in the variant given in algorithm 1.

Therein, two proximal operators have to be computed: The one with respect to £ yields, in each point
in the space-time grid, a third order polynomial whose solution can be obtained by explicit formulas,
while for the indicator functions we recover the projection onto the respective set, see again [9, 27] for
details.

In all examples below and unless explicitly stated differently, we make the following parameter
choices: N, =150, N, =75,T=1,L, =1 for all edges e € £.

6.3. Example 1: Geodesics and branching

One important observation made in [14] is the fact that the logarithmic entropy on metric graphs is not
geodesically convex, due to the fact that geodesics may branch. This is illustrated by an explicit example,
which we reproduce here numerically, both for the case with and without vertex dynamics, and for the
graph topology depicted in Figure 1. As initial and final data we chose

pf(x):: Ligoa(x), e=e, and ,Oel(x):z (l), e=ep,
0, e =¢e, €3, 51[1—0.4,11()6), € =6, €3,

https://doi.org/10.1017/50956792525000051 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792525000051

580 A. Fazeny et al.

Algorithm 1: Primal-dual algorithm for the solution of the optimal
transport problems.

Input : u©, ¢@ it X o, A, b, 6

Output: u*, ¢*

1 Initialize 2@ = u(® and [ = 0;
2 for i = 0 to itmax do
3 | o0 = prox,, () + o ATD);
4 ult) = prox,, (u® — AA*¢(+D);
5 A+ = 24+ 4,0,
6 if convergence then
7 u* = ul D,
8 d)* _ ¢(i+1);
9 break
10 end
11 end

(SS (61) =1 (58 (62) =1y (SS (63) =1y

(SE (61) =1y (SE (62) = U3 (SE (63) = V4

Figure 1. Sketch of the graph used in the first example for branching geodesics. Here, no in- or outflux
via the boundary is assumed (i.e. 3tV =937V =0).

and, in the case when we allow for a vertex dynamic,
y=y!=0 Vv e.

The results are depicted in Figures 2 and 3 for the case without and with vertex dynamics, respec-
tively. One can observe that with explicit vertex dynamics, the transport over the vertex is slowed down,
delaying the whole transport.

6.4. Example 2: Time-dependent in- and outflow

In this example, we study the influence of time-dependent boundary conditions on the solutions of the
resulting transport problem with the corresponding vertex dynamics given in definition 3.1, combined
with (TD BC 1) and (TD BC 2).

Therefore, we fix the graph depicted in figure 4 and set

IV={vn}, 3 V={vy, v}, and V={v,}.

For initial and final data we chose

0 __ 0
el_pez

P =po =p,, =0225 aswellas y, =0.1, y, =0,

and

_@-1/2?

pl=pl =pl =0, p @=ce 2 aswellas y! =04,y =0,
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t=0 t=0.18 e-0.58
12 1.2 12
. 1 1
08 08 as
05 06 a6
04 04 as
WL M N gwm M A S
e Yy — e L)
o a o
2 1 o 3 .2 2 0 | 2 2 1 Py i o
t=0.78 t=0.88 t=1
2 12 12
1 1 '
(13 08 L1
oe 06 s
04 /@ oa 04
2 2 2
02 —_— S 02 —_— — 02 _— — =y
———_ 7 & ——— o
o 0 R
2 1 0 ;7 4 2 a 1 2 ¢ 1 o ’ 5

Figure 2. Branching geodesic without vertex dynamic: Snapshots of the dynamics of the densities p, at
different times.

t=0 t=0.18 t=058
) 12 12
1 1
a8 s 08
e a6 a6
ot 04 aa
2 ¢ z
02 > 02 — 0z =
o o o
[ o a
4 [ 2 2 1 o 2 2 o 2
1 2 1 2 1 H
=078 te0.88 tei
12 12 12
1 1 1
08 08 L2 ]
1] o6 (13
04 04 04
2 bl 2
0z —_—— e — 0z —_— — 0z —_— — —
0 o o
0 P a Y 0 i
2 3 B 3 T 2 a & : i 2 -1 [ 1 , 2

Figure 3. Branching geodesic with vertex dynamic: Snapshots of the dynamics of the densities p, and
y, at different times.

8% (e1) = 1 6% (e2) = 1y
6F (e1) = 1y 6F (e3) = vs
6% (e3) = 1o 65 (eq) = 13
6F (e3) = 1y 6P (es) =1y

Figure 4. Sketch of the graph used in the second example. We set 37V ={v,}, 07V = {v;, v} and
f/: {va}.

https://doi.org/10.1017/50956792525000051 Published online by Cambridge University Press


https://doi.org/10.1017/S0956792525000051

582 A. Fazeny et al.

t=0 t= 038667 t= 058667

t=0.78667 t=092 t=1

Figure 5. Snapshots of the dynamics of the densities p, and vy, with symmetric boundary conditions
(InOutSym) at different times.

t=0 t=0.38667 t=0.58667

= 078667 =092 t=1

Figure 6. Snapshots of the dynamics of the densities p, and y, with asymmetric boundary conditions
(InOutAsym) at different times.

where ¢, is chosen such that the total mass is normalized to 1. For in- and out-flow we consider two
cases:

1
so(n=t and dj()=d; ()= Et’ (InOutSym)
as well as
so(n=t, dj(n=0 and dj(n)=t (InOutAsym)

Note that the values for y,, are only needed in the asymmetric case. The respective results, evaluated
at different time steps, are depicted in Figure 5 (for (InOutSym)) and 6 (for (InOutAsym)), respectively.
The results show that when only one vertex is an outflow vertex, the mass necessary to obtain the final
configuration is predominantly transported via the other edge.
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7. Conclusion

This paper gives a detailed introduction in the modelling of gas networks as oriented metric graphs,
including two different types of coupling conditions at vertices (one which allows for storing gas in
vertices, and one which does not) as well as two different kinds of boundary conditions (enabling gas
entering and exiting the network as supply and demand). With this setup, we thoroughly investigate mass
conservation properties on the network for given initial, final and boundary data and formulate various
transport type problems on metric graphs.

Furthermore, we generalize the dynamic formulation of the 2-Wasserstein metric in [8], to general p
and we also include the before mentioned time-dependent and time-independent boundary conditions
in the formulations. We then utilize the presented p-Wasserstein metrics to derive gradient flows and for
the case p = 3 we recover the (ISO3) gas model, which is a particularly interesting result. Moreover, we
highlight some difficulties in defining appropriate potentials on metric graphs, when going from a single
edge to a simple connected graph, which naturally occur in the study of vanishing diffusion limits.

In the last section of the paper, we present some numerical results based on a space-time discretization
called primal-dual gradient scheme, which allows us to compute solutions of the presented optimal
transport problems for different coupling and boundary conditions. These examples give insights into
how gas storage at interior vertices as well as vertices responsible for the supply of the network or for
meeting demands, affect the dynamics of the network and thus the optimal transport solution.

Concerning future work, we are aiming at generalizing the results of [8] and [14], which proof the
existence of minimizers for the p-Wasserstein metrics in the case of p =2, no boundary vertices and in
[14] with at interior vertices. Furthermore, an extension to mixture models (for instance a mix of natural
gas and hydrogen) constitutes an interesting research opportunity as well.
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A Appendix

Coupled measures

A detailed introduction of coupled measures on a subset of edges or subset of vertices on the graph is
given by the following definition.

Without loss of generality, we will assume, that the vertices V are ordered in such manner, that there
exist indices 0,6 € {0, 1, . . . n} with 0 < 0 such that:

8+V: {Ul, Vo, on vo} 5

87]} = {vu+1, Vot2s - - - v@} )
o

V= {V9+], Vo42s -« U,,} .

Definition A.1 (Coupled measures on graphs). On a graph G = (V, ), we define coupled mass
measures, either on all edges or a subset of or all vertices, as

and

M, (&) =M, (e)) x M, (e3) x -+ x M (en)

M, (8*]}) =M () XML () X x ML (v,),
M (97V) i= My (041) X My (Vg42) X - X My (W)

My (107) =M (Vo) X My (Vg2) X - X My ().

Moreover, for a fixed time point t € [0, T], by M’ (£) we define

M (&) =M (e)) x M, (e5) x --- x M, (e,,)
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and
M (0%V) =ML (1) x ML (1) X - x MY (0,),
M, (07V) =M, (0p01) X M (0512) X - x M (1),
M ()O}) =M (Vo) X MY (Vgi0) X - x MY (v,) .
In a similar manner, for measures without non-negativity constraints, we define
M(E)=M(e)) x M (ey) x -+ x M(e,)
and

M (fj> =M (Vp41) X M (Vgy2) X -+ - X M (v,) .

Therefore, the initial and final densities for a given optimal transport problem are given as coupled
measures:

« Mass densities:

) EMLE)
) EML(E)

Po:= (;Oe]
Pri= (pel

0 Perli—g >+ Pem

=T ° ,092 =T """ pem

o Vertex mass densities:

Y= (y”9+1 |t:0 > Vogro |t:0 s Vo t:O) € Mg— (]O/)
Yri= (y”fHI |1=T » Vogia |t=T vee s Vg |t=T) € Mi (f])

« Source and sink vertex mass densities:

S(,:= (Su]_,» S

Sil_,) € M (0%V)
Sol_;) e ML (a%V)
D,|_,)eM) (37V)
D,|_,) e M (7V)

=07 "V2l=0""""

= (S,
= (D
= (

D

=T’ VZtT""

Vu+l|, 0° Vu+2 =0"""

Va+l}l T? V¢>+2|,=T""
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