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Abstract

We consider the modeling of operation modes for complex compres-
sor stations (i.e., ones with several in- or outlets) in gas networks. In
particular, we propose a refined model that allows to precompute tighter
relaxations for each operation mode. These relaxations may be used to
strengthen the compressor station submodels in gas network optimization
problems. We provide a procedure to obtain the refined model from the
input data for the original model. This procedure is based on a nontrivial
reduction of the graph representing the gas flow through the compressor
station in an operation mode.

1 Introduction

Gas transmission networks are a crucial part of the European energy supply
infrastructure. The gas flow is driven by pressure potentials. To maintain the
necessary pressure levels and control the routing of the gas in the network,
compressor stations are used. In the German transmission network compressor
stations usually interconnect two or more pipeline systems. They often have a
complex internal structure, allowing them to realize different routing patterns
and compression levels [§]. An example of such a complex compressor station
is shown in Figure[l] In particular, some or all boundary nodes of the compres-
sor station may serve as inlet or outlet, depending on the requirements of the
surrounding network.

In this paper, we consider the compressor station modeling introduced in [§].
This model combines a network containing compressors and valves and a set of
switching states for these elements to describe all feasible operation modes of
a compressor station. The constraints describing the technical capability of a
compressor may be nonlinear and nonconvex, leading to hard-to-solve MINLP
models. We propose model refinements that aim to help the solution process
to detect unsuitable operation modes early. These model refinements are oth-
erwise redundant and are supposed to be used in addition to the compressor
model employed. For instance, to improve the model a natural idea is to pre-
compute, for each operation mode, bounds on the minimum and maximum flow
and pressure that can be handled and to include this information in the model.
However, the modeling of an operation mode from [§] and the data available

*This paper is the long version of the extended abstract [5].
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Figure 1: Four operation modes of a large compressor station. Elements colored
dark are “closed”.
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Figure 2: Reduced representation of the four operation modes shown in Figure
All compressor symbols correspond to active compressors, i.e., ones that are not
working in bypass.

in the GasLib [7] do not specify whether a compressor is actively compressing
or bypassed, which are very distinct behaviors. Thus no nontrivial flow bounds
may be obtained for an operation mode.

We develop techniques for analyzing the original representation of operation
modes to generate a more detailed representation where each operation mode
prescribes for each compressor whether it is compressing or in bypass. This
allows to compute tight bounds for the pressure/flow combinations that can be
handled by each operation mode. The crucial ingredient is a method to obtain a
reduced representation of an operation mode to cope with redundancies due to
the original representation. Examples of such reduced representations are shown
in Figure 2] Moreover, these reduced representations facilitate the classification
of operation modes according to flow patterns, i.e., which boundary nodes are
sources or sinks for the gas flow in the compressor station.

Related work We briefly mention some related papers and refer to [I1]
for a comprehensive overview. Most of the work on optimization of compressor
stations has focused on simple compressor stations that are compressing in a
predetermined direction from a single inlet to a single outlet. The fact that a
compressor station usually features several (often distinct) compressors has been
dealt with by using an aggregated model, like a range for the power required by
the compression process [9] 2], box constraints for flows and pressures [I], or a
polyhedral model [I3, 12, [6]. Papers using a detailed model for the operation of
a single compressor usually assume that a compressor station consists of several



identical compressors that are operated in parallel [I3], the only discrete decision
being the number of compressors switched on. A recent exception is the work
of [10], considering the selection of a configuration of the compressors consisting
of serial stages of compressors used in parallel. Complex multi-way compressor
stations with multiple operating modes are only considered in [8] and related
work.

The remaining paper is structured as follows. Section [2| recalls the model
introduced in [§]. In Section we propose a method that reduces the description
of a single operation mode to a kind of “normal form”. This is used in Section []
to detect redundancy and generate a set of redundancy-free operation modes
that, as a set, are equivalent to the original operation modes. Section [f] explains
the classification of operation modes according to flow patterns and how this
can be incorporated in the model. Finally, we report on some computational
results in Section

2 Model for complex compressor stations

We use the following model for compressor stations that closely follows the
modeling proposed in [§].

Network We represent a compressor station as a directed graph (V, Ay, U
Acg U Aoy U Ag.), where the arc set consists of the set of valves A,,, the set
of compressors Acg, the set of control valves A, and the set of shortcuts Asc.
Valves can be open or closed and are used to control the route of gas through the
compressor station. In this paper, we treat compressors as abstract entities that
facilitate pressure increase and that may operate in one of the states closed (no
gas flow), active (compressing), and bypass (gas flow without compression). In
fact, each compressor may actually be a compressor group [8] that consists of one
or several compressors, possibly allowing several series-parallel configurations,
each of which employs a subset of the compressors. A control valve may operate
in the same set of three states, but the active state reduces the pressure of
the gas flowing through the control valve. Finally, shortcuts are convenient
modeling elements that allow gas flow between two nodes without pressure drop.
Moreover, we partition the set of nodes into boundary nodes Vi and inner
nodes Vj.

For each node u € V' we introduce a variable for the pressure p, with non-
negative lower and upper bounds p, and p,, i.e.,

0<pyu<py<p, forallueV. (1)

For each arc a € A there is a variable for the mass flow ¢, with lower and upper
bounds g, and qq, i.e.,

Ga < qa < Qo forallac A (2)

Positive mass flow values indicate flow in the direction of the arc, whereas
negative values represent flow in the opposite direction. The precise values
of the bounds depend on the type and state of an element and are discussed
below. For each node u € V' we denote the sets of incoming and outgoing arcs by



6~ (u) and 67 (u), respectively. We define b,,, the excess of mass flow at node u,
whereby at inner nodes the mass flow is conserved, i.e.,

by = Z Ga — Z qq, forallueV, (3)

a€d (u) a€dt (u)
b, =0 for all u € Vj. (4)

Shortcuts For shortcuts the following holds:

Ga = —00,Gqy = 00 for all a € Ag, (5a)
Pu = Do for all (u,v) € Asg. (5b)

Valves For each valve a € Ay,, a binary variable s, distinguishes between
the states open and closed where s, = 1 corresponds to open, s, = 0 corresponds
to closed.

$8¢a=0 = ¢, =0 for all a € Aya, (6a)

Sq=1 = {Qa T 04 =00 for all a = (u,v) € Aqa. (6b)
Pu = Dv

Compressors and control valves For each compressor a € Agg or con-
trol valve a € A.,, binary variables s,, s2, sPP distinguish between the states
active, bypass and closed where s2 = 1 corresponds to active, sP? = 1 corre-
sponds to bypass and s, = 0 corresponds to closed. We model the capabilities of
an active compressor or control valve a by an abstract set P, C ]R?;O of feasible
inlet pressure, outlet pressure, and mass flow. Thus our methods apply to all
variants of compressor and control valve models. Thus compressors and control

valves are modeled by the constraints

Sq = 53¢ 4 PP for all a € Acg, (7a)

$a=0 = ¢,=0 for all a € Acg, (7b)

sP=1 = o = 7090 = 00 for all a = (u,v) € Acg. (7c)
Pu = Do

$2°=1 = (pu:Pv:da) € Pa TR, forall a = (u,v) € Agg. (7d)

The constraints describing the capability set P, of a compressor may be non-
linear and nonconvex, leading to hard-to-solve MINLPs for large-scale net-
works [8] [10].

In the remainder of the paper, compressors and control valves will be handled
exactly the same, unless mentioned otherwise. For simplicity, we will only talk
about compressors with the understanding that the techniques also work for
control valves.

Operation modes An operation mode specifies the switching state of each
active element (valves, compressors) and thus the route of the gas flow through
the compressor station. Operation modes are modeled in [3], Section 6.1.8] by
a triple (AactivevMad), where Aactive = Ava U Acg U Acv is the set of active



elements. The set M C {0, 1}#active describes each operation mode m € M by
stating whether an active arc a is open (m, = 1) or closed (m, = 0). In the
case of an open compressor it is not yet specified whether this compressor is
active or in bypass. Finally, the function d : Ayetive X M — {—1, 0, 1} describes
whether the flow direction for an active arc a = (u,v) is restricted or not, using
the convention

—1, if gas flows from v to u in operation mode m,
d(a, m) =40, if the flow direction on a is undefined in operation mode m,

1, if gas flows from u to v in operation mode m.

We introduce binary decision variables s, € {0,1} for all m € M to formulate
that ezxactly one operation mode has to be chosen, i.e.,

Z Sm = L. (8a)
meM

Further, an element a € A,ctive may only be used as specified by the elements

of M:

Z Ma Sm > Sa for all a € Aactives (8b)
meM
Z (1 —mg)sm > (1 —54) for all a € A.ctive- (8¢)

meM

Finally, if an operation mode that specifies flow directions for some of the sub-
network elements is chosen, we have to guarantee that these flow direction re-
quirements are satisfied. This is achieved by adding the constraints:

1+ Z d(a, m)$m | Ga > qa for all a € Aactive, (8d)
(a,m)€Aactive XM

1- Z d(a, m) s, qa < Qa for all a € A, ctive- (8e)
(a,m)€ Aactive XM

As mentioned in the introduction, the fact that this representation does not
specify whether an open compressor is active or running in bypass precludes us
from obtaining tight bounds for flows and pressures obtainable by an operation
mode. We thus propose a more detailed representation where each operation
mode prescribes for each compressor whether it is active or in bypass. To obtain
this representation from the original one we enumerate all active/bypass com-
binations for each operation mode. Since this leads to very many and largely
redundant operation modes, we apply the methods described in Section [3] to
obtain a smaller, yet complete set of fully specified operation modes. These are
described by a tuple (Aactive, M’,d’). The set M’ C {0, 1}Aactive x {0, 1} Aactive
specifies for each operation mode (m®, m’) € M’ whether a valve a is open
(m2¢ = 0, m® = 1) or closed (m2® = 0, m% = 0) and whether a compres-
sor b is in bypass (my® = 0, mZp = 1), active (m§° = 1, ml;p = 0) or closed
(mge =0, ml;p = 0). The function d’ : Aaetive X M’ — {1, 0, 1} describes
restrictions on the flow direction for active arcs, using the same convention as



the function d in the original formulation. The new model can then be formu-
lated analogously to (8a)—(8e) with M’ instead of M, d’ instead of d and two
additional constraints enforcing the full state for all compressors as specified by
the elements of M':

Z moc S > S5° for all a € Agg, (8f)
memM’,
m:(mac’mbp)
Z (1 =m2) sy > (1 — 53 for all @ € Acg. (8g)

meM’,
m:(ma’c,mbp)

For each of these operation modes, we can now compute tight pressure and
inflow bounds by solving the optimization problem given by @- together
with respective objective functions. Then, with p,(m), P, (m) and b, (m), b, (m)
denoting the pressure bounds and mass flow excess bounds, respectively, for
node u in operation mode m, the following inequalities are valid:

Z Pu(m) $m < py < Z Du(m) Sm for all u € V, (8h)
meM meM

Z by (M) 8m < by < Z bu(m) s for all w € V. (81)
meM meM

From now on, we call the formulation using the original operation modes
the compact formulation and the one using fully specified operation modes the
extended formulation. Moreover, the extended formulation enriched with the
above bounds — for each operation mode will be called bounded extended
formulation.

3 Topology simplification for a single operation
mode

Our goal in this section is to simplify the topology of a single operation mode of
a compressor station to obtain a reduced representation suitable for comparing
operation modes via graph isomorphism detection.

We consider the network N™ = (V, A™, q,q,p,P) corresponding to a fully
specified operation mode m derived from the station network as follows. First,
all closed elements are removed. Second, every shortcut, open valve and com-
pressor in bypass is equivalently replaced by two opposing shortcuts with lower
flow bound equal to zero. Third, all weakly connected components, which do
not contain a boundary node, and all shortcuts with upper flow bound equal to
zero are removed. This is also a valid transformation with respect to pressure
since the constraints for open valves or bypassed compressors are equivalent to
those of shortcuts. Hence, the arc set A™ consists only of shortcuts and active



compressors. Thus, the model for a single operation mode reduces to

0 <pu <pu<Pu forallu € V, (9)
0<G.<G@ <7 for all a € A, (10)
b, =0 for all u € Vp, (11)

qa =0,Gq = for all a € Ag, (12)

Du = Do for all (u,v) € Ay, (13)
(Pus PvyGa) € Po C IR%O for all a = (u,v) € Acg. (14)

However, the network may be highly redundant, as a shortcut usually indicates
that the incident nodes are identical. Thus we can reduce the size of the net-
work by contracting a shortcut as follows. We identify the incident nodes of
the shortcut and update the pressure bounds of the remaining node to be the
intersection of the pressure intervals for the original two nodes. If there are any
other arcs between the two nodes, we do keep them as self-loops. But we need
to be careful when applying this contraction since shortcuts sometimes do carry
important information on the topology of feasible flows. An example of when
contracting a shortcut would lead to a loss of information is shown in Figure

We now devise a criterion for safely removing shortcuts. Since it is clear
from the context that we are dealing with a network corresponding to a specific
operation mode, we omit the superscript from N™ in the following in order
to keep the notation simple. We consider the shortcut subgraph of N, G*¢,
its set of sources V¢, its set of sinks V*¢ and for all sources w € V¢ the set

ﬁ ~(w) C V*¢ of sinks reachable using only shortcuts:

G5 = (V7 ASC) (15)
Vic=Vou{weV[IueV: (u,w) € Ag} (16)
VE=VoUu{weV[IueV: (v,u) € Ag} a7
ﬁN(w) = {u € V¢ : Jw-u-path in G*} for all w e Vi* (18)

Proposition 1 Consider a shortcut a = (u,v) with w € V \ {V°} and the
network N’ arising from N when contracting a to v. If

ﬁN(w) = ﬁN/ (w)  for allw e Vi€ (19)

then for every admissible flow-pressure combination (p',q’) for N' there exists

source sink
() (®)

Figure 3: All arcs a in this network are shortcuts with ¢, = 0 and g, = oc.
With exception of (u,v) they do not carry information and can be contracted.
However, (u,v) may not be contracted as it carries the information that no flow
is permitted from w to ¢, but only in the opposite direction.




an admissible flow-pressure combination (p,q) for N such that

4, =qo foralla€ Ag (20)
by, = by forallwe Vy (21)
Pl =Dw forallw € Vy (22)
and vice versa. o

ProoF Consider a flow-pressure combination (p’, ¢’) for N’. Define the pressure
vector p by

- {p;, weV\{u}, (23

P ow=u.

Then, p, p’ trivially satisfy . Also, p is admissible pressure: By definition,
it satisfies for a. It satisfies @ for v and v since by our definition of
contraction the pressure bounds on v in N’ are the intersection of the pressure
intervals for u and v in N and p’ is admissible. Also, it satisfies @D, and
(14]) (with respect to pressure) for all other nodes and arcs, because p’ does.

We obtain g by constructing a flow decomposition of it based on a flow
decomposition of ¢’. Consider a flow decomposition of ¢’ into paths and cycles.
Let P' = vq1,...,v,...,v; be a path with vi,v, € Vi and let x be the flow
value on P’ in the flow decomposition of ¢’. We now construct a corresponding
path P in N with identical endpoints and flow value, but as part of the flow
decomposition of ¢q. If P’ does not contain v, we simply set P := P’. Otherwise,
the idea is to partition P into shortcut subpaths that go between compressors or
boundary nodes. Exactly one of these subpaths contains v and is thus possibly
not in N. But, by we can replace this shortcut subpath in N’ with a
shortcut subpath in N that has the same endpoints.

Consider the partition of P’ into shortcut subpaths Pj,...,P., ..., P. by
removal of all compressors and let P, = v;,...,v,...,vj. By and we
have v; 7¢ and v; € V*¢, and by we have v; € Rn/(v;). Therefore, by

S
we have v; € ﬁN(vi). Let P, = v;,...,v; be a shortcut path in N and
define P to be P’ with P}, replaced by P,.

Similarly, let C’ be a cycle in N’ with flow value " in the flow decomposition
of ¢’. If C' contains a compressor, we can employ the same reasoning as before
to obtain a cycle C' in N with identical flow value x’, but as part of the flow
decomposition of g. Otherwise, if C' consists of shortcuts only, we let the flow
value on it as part of the flow decomposition of ¢ be zero.

Altogether, this gives a flow decomposition of ¢. Since by construction
from ¢’ to ¢ only possibly the flow on shortcuts could have changed (to a non-
negative value), (20]), and (with respect to flow) hold. Also, for every
path in the flow decomposition of ¢’ there exists exactly one corresponding path
in the flow decomposition of ¢ and that path has identical endpoints and flow
value. By this, and hold. Therefore, q is both admissible and satisfies
the proposition.

Analogously, the same reasoning can be employed in the other direction
to construct a flow-pressure combination (p’,q’) for N’ from a flow-pressure
combination (p,q) for N.



We remark that the proposition can be stated and proved similarly without
the premise that u € V' \ {V°}, but it requires some technical refinements in
the statement and the proof of the proposition in order to account for the case
that u & N'.

4 Detection of redundant operation modes

We reduce the network representation of a single operation mode by iteratively
contracting all shortcuts which are incident to at most one boundary node and
which can be contracted in accordance with Proposition [ On the reduced
network we tighten all flow and pressure bounds by solving the optimization
problem given by @D— with the respective objective functions. All operation
modes turning out to be infeasible are discarded. Finally, we detect redundancy
between the remaining feasible operation modes by an extended isomorphism
test between their reduced network representations. More specifically, for oper-
ation modes m! and m? with reduced network representations G! = (V1 Al)
and G? = (V2, A?), respectively, we say that m! is dominated by m? if all of
the following hold:

e There exists a graph isomorphism ¢ : V; — V5.
e All boundary nodes are fixed points of ¢.

e All element types are conserved by ¢.

All feasible flow and/or pressure values for elements of G are also feasible
for the elements’ images in G2.

This can be formalized as follows:

d(u) =u for all u € Vi1, (24)
ueVy = ou) e Vg for all u € V', (25)

1 2 1
(u,v) € Agy == (d(u),d(v)) € AL, for all (u,v) € A7, (26)
(u,0) € AL, = (6(u),6(v)) € 42, forall (wuv)€ AL, (27)
(u,v) € AL, <= (¢(u),d(v)) € A%, for all (u,v) € A', (28)
Pu 2 Pe(u)s Pu < Pg(w) for all u € V7, (29)
Pl € Po(w),6)) for all (u,v) € Agg. (30)

Then, G' and G? are topologically equivalent by -. In addition, by
— all flow and pressure combinations, that are feasible in operation mode
m?, are also feasible in operation mode m?. Therefore, we can iteratively dis-
card dominated operation modes such that for our new, redundancy-free set of
operation modes M’ no decision m' € M’ is dominated by another decision
m? € M’. We note that this extended isomorphism test can be performed on
the basis of any general graph isomorphism test, which generates all isomor-
phisms between G' and G? (with Vi' as fixed points), and by checking if any

of these isomorphisms fulfils —.



5 Classification of operation modes by compres-
sor station flow patterns

Because arcs in our network model can admit flow in either direction, most
boundary nodes cannot generally be classified as either source or sink of the
compressor station. Instead, they may take on either role, depending on the
general network situation and the selected operation mode of the station. Thus,
compressor stations often admit multiple flow patterns. Here, a flow pattern
describes a partition of the boundary nodes into sinks and sources. This corre-
sponds to a mass flow excess bound of the form b, < 0 (if u is a sink) or b, > 0
(if uw is a source) for every boundary node u. We say that a compressor station
admits a flow pattern if it admits a flow which satisfies the flow pattern.

On the contrary, a compressor station usually admits very few or even just a
single flow pattern if its operation mode is fixed. This is mostly due to the fixed
working direction of active compressors. Therefore, we suggest as an additional
modelling step the classification of operation modes by the flow patterns they
admit, in addition to introducing binary variables for the different flow patterns.
The idea is that, when solving a gas network optimization task, branching on
the flow patterns should quickly identify the viable flow patterns and thereby
reduce the set of operation modes that need to be considered.

We incorporate this into our model as follows. For every flow pattern Fj,
i € I, that a compressor station admits, let F; be the set of operation modes of
the station that admit this flow pattern. Then, every feasible operation mode is
contained in at least one of the sets F; for some ¢ € I. Foralli € I'let f; € {0,1}
be a binary variable which is 0 if flow pattern F; is not chosen, i.e., the selected
operation mode does not admit F;. This is expressed by the constraints

fi= Z Sm foralliel. (31)

meF;

Note that due to the fact that a single operation mode can admit multiple flow
patterns f; = 1 does not generally imply that flow pattern F; is chosen. It just
means that the selected operation mode also admits this flow pattern. This
modelling choice was made to avoid splitting the operation modes further to
achieve a one-to-one correspondence between operation modes and flow pat-
terns, which would inflate the model. Hence, the model only requires that at
least one flow pattern is chosen:

S fizl (32)

iel

Finally, we couple the choice of the flow pattern with flow bounds for the bound-
ary nodes according to the flow pattern:

D bu(F)fi by <> bu(F)fi forallue Vi (33)

el iel

10



with
iN,er by if w i ink for F; .
by (Fy) = minme 7, bu(m) if u is 8.L Sk for forallie I,ue Vg,
0 otherwise
b forallie I,ue Vy.

max,,er, by(m) if u is a source for F;
u(Fi) == .
0 otherwise

6 Computational results

When applied to a single compressor station with a linear model for the com-
pressors, earlier computational results in [5] showed some benefit of the proposed
model extensions for detecting infeasibility early. However, presumably due to
the simplified nature of this setting, the overall impact was negligible.

We therefore evaluated the effectiveness of our approach on an entire gas
network with several compressor stations. For this, we used the openly avail-
able gas network benchmark instance GasLib-582 [7], consisting of a total of 582
nodes and 609 arcs. It contains two compressor stations which have six active
elements including one compressor group and 15 active elements including three
compressor groups, respectively. In addition, the second compressor station con-
tains two control valves. Since in the original data, the compressor stations are
only specified by their active elements, we had to manually determine the corre-
sponding station subnetworks. For this we expanded the subnetworks induced
by the stations’ active elements to a reasonable depth and without adding any
additional active elements or long pipes. The resulting station subnetworks are
both connected, and have three boundary nodes each.

For the first compressor station the original data describes four operation
modes which, as explained in Section [2] for all active elements specify one of the
states open or closed and possibly a flow direction. But they do not not specify
for open compressor groups (or control valves) whether they are active or in
bypass. Enumerating all combinations of active and bypass leads to six fully
specified operation modes of which three remain after filtering out those that
are invalid with respect to computed flow and pressure bounds on the elements
or detected as redundant by the method presented in Section [4l These three
remaining operation modes are then used for the formulation of our extended
and bounded extended models. Similarly for the second compressor station
the original data contains 19 operation modes which correspond to 225 fully
specified operation modes of which ultimately 52 remain that are used in the
formulation of our extended and bounded extended models. The number of
operation modes after the different processing steps are also listed in detail in
Table [1I

The GasLib-582 benchmark data contains a set of nomination files which
each describe an inflow-outflow-situation at the boundary nodes of the GasLib-
582 gas network together with pressure bounds or fixations. For these 4227
nominations, we created the gas network optimization model from [3]. We chose
this model as it is a standard MILP model and thus suitable for experiments with
standard MIP solvers. Of the 4227 nominations, 35 nominations are recognized
as infeasible during model setup (which involves certain preprocessing). Each
basic MILP model was enhanced with our model extensions described in the
preceding sections.

11



# of operation modes

original data after full after removal  after removal of
specification  of invalid ones redundant ones
station 1 4 6 5 3
station 2 19 225 81 52

Table 1: Shown are the number of operation modes after the different processing
steps. The operation modes in the left-most column are used in the compact
formulation. The operation modes in the right-most column are used in the
extended formulation and extended bounded formulations.

In total, we compared 13 different model variants: the compact formulation
(C), the extended formulation (E) and the bounded extended formulations which
consist of the extended formulation enriched with flow bounds (F) as in (i),
pressure bounds (P) as in (8h)), flow pattern constraints (M) as in (3I)-(33),
flow pattern constraints with increased branching priority on the flow pattern
decision variables (M+) and all combinations of the former (FP, FM, FM+, PM,
PM+, FPM, FPM+). All computations were performed with Gurobi 7.5.1 [4]
on a single thread and with a time limit of one hour. Because we observed that
some of the problems are intrinsically numerically challenging, we performed
all computations three times with the same three different random seeds and
averaged the performance over these three runs. In addition, we excluded 60 of
the 4192 instances from our analysis due to numerical instability.

The results demonstrate the success of our approach as the original compact
formulation is outperformed by all other models. Moreover, they show that the
model formulation benefits both from our selection of fully specified operation
modes as well as from the addition of operation mode specific bounds as can be
seen in Figure[d] For the comparison of two models, we only considered these test
instances where they showed a noticeable performance difference which means
runtime difference of at least one second and a ratio of runtimes of least 1.05.
On the ca. 75% of instances which exhibited a noticeable performance difference,
the extended model and the FPM+ model were faster than the compact model by
median factors of 1.12 and 1.25, respectively. The mean runtimes ranged from
37.7 seconds for the FPM+ model to 44.6 seconds for the compact formulation.
However, our results also show that the different types of bounds used in the
bounded extended formulations vary greatly in effectiveness. While the addition
of pressure bounds improves the model a lot, the addition of flow bounds only
has a small positive effect, and the addition of flow pattern constraints even
decreases the model’s performance in some cases.

7 Conclusion

We considered the optimization model for operation modes of compressor sta-
tions from [3| Section 6.1.8]. We developed improved formulations of the model
and a data preprocessing technique based on network topology reduction in
order to address two problems of the original formulation.

First, in the original model operation modes are not fully specified, and as
a result each operation mode in the original model may correspond to expo-

12
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Figure 4: The cells in the heatmap show the median ratios of runtimes (column
model divided by row model) over the ca. 75% of test instances which exhibited
noticeable performance differences.

nentially many fully specified operation modes. We solved this by developing a
different formulation of the model which uses fully specified operation modes.
We determined the set of fully specified operation modes for our new model by
enumeration of fully specified operation modes contained in the original model,
and used bound propagation to filter out those that are physically infeasible.
In addition, we developed different versions of our model by incorporating ad-
ditional bounds into it.

Second, operation modes can be highly redundant. Different operation
modes might describe the exact same behavior of a compressor station within
a gas network. But this is difficult to tell due to the complexity of the network.
To solve this problem we developed a method to faithfully reduce the topology
of the network that each operation mode enables. This reduced network rep-
resentation for each operation mode allowed us to effectively compare them by
means of graph isomorphisms, and detect redundancy between them.

Lastly, we evaluated our models on reference benchmark data for gas net-
works, and found that our methods yielded an improvement in the model’s
performance of up to 25%.
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