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1. INTRODUCTION

Due to the climate crisis, reducing energy consumption
and greenhouse gas emissions has gained more and more
relevance in railway traffic over the past years. While
many studies propose optimization methods that consider
energy consumption during circulation planning directly
(Ferndndez et al., 2019), there is still an abundance of
other methods (Piu and Speranza, 2014) that do not take
energy consumption into account, especially for real-world
applications. We propose a simulation-based approach to
assess the quality of such circulation plans from an energy
consumption and a robustness perspective, the Green
Markup, which enables comparison of circulation plans and
may be considered for optimization within a feedback loop.

2. DEFINITION

For a markup we want to compare the effects of a certain
circulation plan (circulation scenario; cs) to an idealized
base scenario (bs) where traction units are available if
needed, in a realistic setting. For that, we use a simulation
model that calculates the delay propagation within a time
table based on injected primary delays (RoSler et al.,
2020). In both scenarios, the same trains are simulated
using the same primary delays. In the circulation scenario,
additional empty runs are introduced through the circula-
tion plan, for which no primary delays are added.

A green markup should indicate the performance of cir-
culation plans both in terms of the corresponding energy
consumption as well as their robustness against delays.
For each of the two characteristics, robustness and energy
consumption, we define a separate markup, in which we
compare the two scenarios.

The markups can be calculated for different subsets within
the time table. While in principle all possible subsets are
feasible, the following are the most reasonable:

e Global Markup: sums up all relevant values for the
whole time table.

e (lrculation Markup: sums up all relevant values for
the tasks used in the circulation plan.
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e Train Markup: sums up all relevant values for the
tasks driven by a certain train.

While Global Markup and Circulation Markup may be
used to assess the overall quality of a circulation plan, the
Train Markup can be used within a feedback loop with an
optimization algorithm.

2.1 Delay Markup

The delay markup was already introduced in Ro8ler et al.
(2020) and is defined as

my = ZtGT SDt;cs
ZteT SDt;bs7

with SDy.cs and SDy,s referring to the secondary delays of
a task t for the circulation scenario and the base scenario,
respectively. The set T' depends on which type of markup
should be calculated.

(1)

As delayed empty runs only impact the quality of a circula-
tion plan if they affect other trains, their secondary delays
are not directly considered in the markup calculation.

2.2 Energy Markup

Analogously, we define the energy markup:
_ > ter ECtcs + 3., cpr ECrics

Me : -

ZteT ECt;bS + ZreER EC,

with EC.s and ECys denoting the energy consumption
(also including recuperation) of the circulation scenario
and the base scenario, respectively. Again, the set T de-
pends on the type of markup to be calculated. Addition-
ally, for the energy markup the energy consumption of
the empty runs (ER) in the circulation scenario (ECy.cs)
contributes to the markup. It is compared to an idealized
energy consumption value, that the empty run would need
with no interference from the rest of the time table (EC,.).

(2)

The energy consumption values are approximated based
on historical energy data from the Austrian railway sys-
tem. For the calculation, geographical information of the
tracks, travel times, weight and length of the train, techni-
cal data of the locomotives, and also planned (i.e. given in
the time table) and unplanned (i.e. made necessary during
simulation) stops during a trip are taken into account.
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Fig. 1. Number of locomotives and average empty run kilo-
meters per locomotive of different circulation plans

2.8 Green Markup

Finally, we define the green markup as the weighted sum
of the delay and energy markups my and m., namely

mqg + AMe,
1+ A

WM + WeMe o

Wy + We

3)

where wy and w,. are the corresponding weights which
can also be consolidated in the single parameter A =
we/wy. Evaluating several circulation plans in terms of
their energy and delay markups will give us a sense of the
magnitudes of the markups, which in turn will allow us to
choose a suitable value A for the green markup.

All three markups are defined such that they are equal to
or greater than 1, taking the value 1 for a circulation plan
that does not lead to additional energy consumption or
delay compared to the base scenario. A meaningful com-
parison of markups is only possible for evaluations based
on the same time tables and primary delay distributions.

3. EXPERIMENTS

The circulation plans are created using the optimization
approach presented in Frisch et al. (2021). The objective
function is a weighted sum of the number of locomotives
(1) and the total amount of empty run kilometers (km)

(4)

with weights w; and wy,,. We vary the weights to achieve
different results, that mimic different requirements.

min w4+ Wg, - km,

e MinTC: Minimize total costs.
e MinTU: Minimize the number of used traction units.
e MinED: Minimize empty run distance.

The weights for MinTC are chosen to roughly reflect the
cost difference between a locomotive and a driven empty
run kilometer, for MinTU and MinED the weight for the
not-prioritized component is multiplied by a small € > 0
to limit the respective usage.

The circulation plans are based on real-world time tables
for a reference week, that contain both passenger and
freight traffic. For the analyzed instances we only use
freight trains, as the amount and distribution of energy
consumption for freight and passenger traffic is vastly
different. We create instances for several traction unit
classes using different additional filters to gather a variety
of circulation plans with different sizes. Figure 1 shows an
overview of the KPIs for the different circulation plans.
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Fig. 2. Energy Markup plotted against Delay Markup
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Fig. 3. Green Markup plotted against Delay Markup and
Energy Markup

For the simulation, all trains present in the time tables are
used to create a realistic model of the railway traffic. Each
circulation plan instance is simulated on its own, and the
delay and energy markup are calculated separately.

4. RESULTS

As Figure 2 shows, the delay markup for the chosen
circulation plans lies in the range [1, 16] whereas the energy
markup lies within [1,1.08]. The plot indicates a linear
relation between the two values, and a group of slightly
deviating values where the energy markups are greater (or
delay markups smaller) than the linear fit would suggest.

The selection of A must take into account the variations of
the markups. Choosing

max(mg) — min(mg)

A= =208 (5)

max(m,) — min(me)

yields the green markup presented in Figure 3. As can be
seen, the relation between the delay and energy markups
is preserved in the green markup, as the group of values
deviating from the linear relation is visible in all plots.
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