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Abstract

Although train modeling research is vast, most available simulation tools are confined to city- or trip-scale analysis, primarily
offering micro-level simulations of network segments. This paper addresses this void by developing the NeTrainSim simu-
lator for heavy long-haul freight trains on a network of multiple intersecting tracks. The main objective of this simulator is
to enable a comprehensive analysis of energy consumption and the associated carbon footprint for the entire train system.
Four case studies were conducted to demonstrate the simulator’s performance. The first case study validates the model by
comparing NeTrainSim output to empirical trajectory data. The results demonstrate that the simulated trajectory is precise
enough to estimate the train energy consumption and carbon dioxide emissions. The second application demonstrates the
train-following model considering six trains following each other. The results showcase the model ability to maintain safe-
following distances between successive trains. The next study highlights the simulator’s ability to resolve train conflicts for
different scenarios. Finally, the suitability of the NeTrainSim for modeling realistic railroad networks is verified through the

modeling of the entire US network and comparing alternative powertrains on the fleet energy consumption.

Keywords NeTrainSim - Network train simulation - Train longitudinal motion - Energy consumption - Carbon footprint

1 Introduction

The transportation sector is the largest consumer of total
energy accounting for 26% of the US energy use in 2020 [1].
Railroad transportation results in a 75% cost reduction com-
pared to other ground transportation modes and transports
roughly 40% of long-distance freight volume [2]. In 2021,
freight trains consumed a staggering 3,082 million gallons
of diesel, leading to an estimated environmental impact of
approximately 35.2 million tons of carbon dioxide (CO,)
emissions [3, 4].

The energy consumption of trains is influenced by vari-
ous factors, including logistical, technical, and operational
factors. Logistical factors are related to the trainload and net-
work characteristics. Technical factors include vehicle physi-
cal characteristics such as the fuel type and aerodynamic
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parameters. Finally, operational factors include speed and
driving dynamics [5].

The purpose of this paper is to describe an open-source
simulator for heavy long-haul freight trains on a network
where they interact with each other while producing valid
instantaneous energy consumption estimates allowing for
the estimation of the carbon footprint. The simulator, named
NeTrainSim (Network Train Simulator), is built specifically
for energy consumption and greenhouse gas emissions pre-
diction of trains considering the main logistical, technical,
and operational factors impacting them. Each car or locomo-
tive in the train is considered a point mass positioned at the
vehicle’s center of gravity with only a longitudinal degree
of freedom while ignoring lateral and vertical dynamics.
The reason behind limiting the degree of freedom to the
longitudinal component is justified by an expectation of a
significant reduction in the computational simulation time
with minimum impacts on energy consumption estimates.

The resistance forces, consisting of the aerodynamics,
rolling, curve, and grade resistance forces, corresponding
to each locomotive and car in the train are modeled at their
specific location on the track. Furthermore, the simulator
takes into account additional inputs for the mathematical

@ Springer


http://orcid.org/0000-0002-5845-2929
http://crossmark.crossref.org/dialog/?doi=10.1007/s40534-024-00331-x&domain=pdf

A.S. Aredah et al.

representation of the train motion such as the network struc-
ture, track characteristics, and train parameters. NeTrainSim
allows locomotives to be distributed along the train length in
three locations: the head, inside, and the end of the train. The
distribution of cars with custom loads can easily be modi-
fied. NeTrainSim also includes a graphical user interface to
facilitate the user’s experience.

With regard to the paper layout, initially, the train motion
model is presented. Subsequently, a description of the
NeTrainSim simulator is provided. Lastly, example case
studies of four routes are presented to illustrate the simula-
tor’s capabilities.

2 Literature review

While train simulation research is widespread, most existing
simulators are unable to model instantaneous train move-
ments at scale. Specifically, multiple train simulators typi-
cally ignore the instantaneous motion of the train to achieve
scalability. Alternatively, detailed train simulators are devel-
oped to simulate longitudinal train dynamics (LTD) consid-
ering the motion of the train as a whole and/or any relative
motion between vehicles in the direction of the train move-
ment [6]. Simulators found in the literature are of two types:
whole-trip simulators and sectional or short-trip simulators.
As summarized by Ref. [7], whole-trip LTD simulators [8,
9] replicate one fixed-configuration train running on a fixed
route. Whole-trip simulators such as those developed by
Refs. [10, 11] are focused on calculating the in-train forces
and their patterns with the vehicle connection system and
draft gear behavior taken into consideration on a single
track. Similarly, Qi et al. [12] provided a positioner model
that optimizes the speed of the train to protect wagons from
damage. According to Ref. [7], a drawback of these simula-
tors is related to their lengthy simulation time due to the
complexity of the involved models and computing strategies.
The complexity of these models comes from the numerical
solvers of differential equations—such as Runge—Kutta [13,
14], Park method [15], and others—that have been incorpo-
rated into these simulators.

A short-trip simulator has the same limitations as whole-
trip simulators. Yet, they run relatively fast compared to
their counterparts on account of their simplified dynamics
models. While whole-trip simulators provide a more detailed
assessment, short-trip simulators provide a microanalysis
of a single train vehicle or the train as a whole [16]. Other
researchers proposed discrete mathematical models for the
simulation of specific train systems. Varazhun et al. [15]
provided a predictive model for couplers’ forces in train cars
due to electrodynamic braking. Li et al. [17] developed a
different type of simulation; their model optimized the train
trajectory, number of vehicles, and hauled weights based
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on the track profile. Finally, Wei and Lin [18] developed a
simulator to predict pressure values in the air brake system.

Another simulator type is the one that was developed
by the Federal Railroad Administration (FRA). The FRA-
sponsored simulator is the Train Energy and Dynamics
Simulator (TEDS). TEDS was developed for multiple pur-
poses including conducting safety and risk evaluations,
energy consumption studies, incident investigations, train
operation studies, and ride quality evaluations. TEDS
simulates the behavior of the train along the centerline
of an ideal track with one degree of freedom (longitu-
dinal motion) while discarding the vertical and lateral
motion [19]. Despite the robustness of the simulator, it
only simulates one train on a single track.

The FRA sponsored another simulator named ATTIF to
perform accident investigation, train configuration evaluation,
and assist in the training of train operators. The ATTIF simula-
tor uses simplified nonlinear dynamics of railroad vehicles that
allow for maintaining a fair degree of accuracy and a relatively
short simulation time [20]. According to Ref. [21], ATTIF inte-
grated a detailed multi-body dynamics coupler system model
starting in 2012. In addition, the Train Dynamics and Energy
Analyzer/train Simulator (TDEAS) was developed by the
Chinese State Key Laboratory of Traction Power to perform
detailed whole-trip longitudinal train dynamics and energy ana-
lyzes [9]. Wu et al. [21] summarized other simulators of fric-
tion draft gear modeling. Nevertheless, none of these simulators
consider train energy consumption with respect to train forces
and terrain topology at scale considering train interactions.

Lastly, Cipek et al. [22] convert and simulate a con-
ventional 103-ton and 1.6-MW heavy-haul diesel-electric
locomotive to a battery hybrid equivalent and derive fuel
consumption and related greenhouse gas emissions models.
The results of this research are an accurate representation of
train fuel and energy consumption. However, as concluded,
the model cannot be generalized but could be considered as
a basis for later studies.

In the context of greenhouse gas (GHG) emissions,
Kirschstein and Meisel [23] proposed a framework for
developing GHG-emission models specifically tailored to
rail freight transportation. The framework takes into account
factors such as load characteristics, distance traveled, fuel
consumption, and energy efficiency. It also considers the
impact of different rail infrastructure conditions on emis-
sions. It is noteworthy to mention that the authors’ research
primarily focuses on the German context, suggesting that
other countries should develop their own tailored factors
to account for specific regional trains and infrastructure
characteristics. In a study conducted by Graver and Frey
[24], dynamometers were employed to measure the GHG
emissions of trains. The authors showed the results for three
locomotives. However, they did not develop a mathematical
model for greenhouse gas emissions.
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In summary, despite the presence of various comprehen-
sive train simulation packages in the market, a tool capable
of assessing energy consumption and carbon footprint gener-
ated by a network of trains remains conspicuously absent.
These simulation tools, which are mostly limited to city- or
trip-scale research, provide mostly micro-level simulations
of network segments, resulting in a lack of full analysis and
making intelligent decisions on a broader, system-wide scale
difficult. This necessitates not only the simulation of train
movements and operations but also an intricate understand-
ing of the fuel efficiencies of different train models, the
varying emission factors of different fuels, and the energy
consumption patterns of the trains under diverse operating
conditions. This narrow emphasis, along with the lack of a
tool to estimate the carbon emissions produced by the loco-
motives inside the modeled network, highlights a critical
gap in train modeling technology at the moment. This gap
impedes a more robust understanding of the environmental
impact of railway transportation systems and emphasizes the
need for a more comprehensive simulation tool capable of
modeling the complete network and supporting system-level
analysis. The paper, and its resultant simulator NeTrainSim,
present an attempt toward simulating an entire train sys-
tem for energy consumption and carbon footprint emissions
analysis, thus striving to fill this current market void.

3 Model novelty

This paper makes the following contributions to the current
state-of-the-art in train modeling:

e [t develops and introduces the first model for simulating
train-following behavior that accounts for the external forces
acting on the train while modeling the train as a sequence of
point masses (a point mass for each locomotive and car that
constitute the train) and capturing the significant latencies
associated with the braking of long freight trains.

e NeTrainSim is the first open-source simulator that
focuses on energy consumption considering six different
powertrain technologies: diesel, biodiesel, their hybrid
variants, electric, and hydrogen fuel cells.

e NeTrainSim offers advanced network modeling capabili-
ties, allowing for the simulation of entire rail networks,
including country-scale simulations.

e [t provides a micro-simulation model for train motion
at the network scale. The simulator supports a conflict
resolution mechanism in the simulation network of many
intersecting lines/tracks utilizing a FIFO (first-in, first-
out) strategy.

e Given that we model the train motion second by sec-
ond, the proposed simulator achieves scalability with
minimum fidelity sacrifice in either modeling the train
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motion or in calculating the trains’ energy consumption
and CO, emissions.

e NeTrainSim is developed in the C 4+ programming
language, which makes it more stable, faster, and able
to handle large networks.

4 Mathematical model

The proposed train motion model is developed based on
the 1992 Canadian National variation for resistance forces
cited in [25], and refers to the models proposed in [26,
27] for a tractive force and train-following model. Table 1
shows the model variable definitions.

4.1 Traction force model

The motion model proposed in Ref. [27] is based on a
prior one developed by Ref. [26]. In both models, the
throttle position is assumed to be hyperbolically propor-
tional to vehicle speed. The throttle level increases up to
a maximum with increasing speed and decreases when
the speed approaches the desired speed [27]. Equation (1)
demonstrates the proposed hyperbolic throttle function.
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where variables t,, ¢, and ¢; are calibrated parameters that
were originally introduced in Ref. [26]. These parameters
are calculated based on the fact that the full capability of
the vehicle motor power is never used and only around 60%
of the vehicle capacity is used. However, in trains, this does
not apply. Accordingly, these parameters are calibrated to
reflect the full usage of the train power as proposed in the
model [27], of which parameters ¢,, #,, and t; equal 0.190,
0.152, and 0.050, respectively. However, these values were
obtained for passenger trains. Freight trains use more aggres-
sive throttle levels. Thus, these values were adjusted to be
0.001, 0.050, and 0.030, respectively. It should be noted that
the user can alter these default values as needed.

A* is the minimum throttle that is allowed to overcome
the resistance forces when the desired speed is reached.
Equation (2) is used to calculate the value of 1* that allows
the vehicle to remain at the desired speed.
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Table 1 Model variables Definition

Variable Definition

a,(t) Smoothed acceleration of train » at instant ¢ (m/s?)

A Frontal area of car ¢ or locomotive / (m?)

a,(1) Acceleration of train » at instant ¢ (m/s?)

CFruel Type Conversion factor from energy consumption kWh to fuel quantity by fuel type

C., Track curvature of car ¢ or locomotive / (°)

c+l Number of cars and locomotives in the subject train

FCS,,(1) Fuel cell status of train n in time ¢ (%)

FDkgye1 ype 2 () Fuel depletion of fuel type for train n in time ¢

F, () Tractive force of train n at instant ¢ (N)

TGCD, (1) Total Grid Consumption/Delivery of train n at time ¢ (kWh)

G., Track gradient of car ¢ or locomotive I (%)

K., Canadian National streamlining coefficient of car ¢ or locomotive /

Niax Number of notches in the given locomotive

P Maximum engine power of locomotive / (kW)

R,(1) Resistive force of train n at instant ¢ (N)

T, The time it takes to activate the brakes of the train plus the operator perception reaction time (s)

mg Total mass of car ¢ or locomotive / (kg)

m, Total mass of car ¢ (kg)

mi Mass on single axle of car ¢ (kg)

m Total mass of locomotive I (kg)

m{ Mass on a single axle of locomotive / (kg)

SOC, (1) The battery state of charge of train n at time 7 (%)

s,(1) Spacing from the rear bumper of train n to the rear bumper of train n — 1 and is computed as
X, () — x, () (m)

S‘L Train spacing at jam density (m). Equal to the length of train » plus a buffer (taken to be 2m)

1, 1 Calibration parameters for the throttle input level

uy(t) Desired speed or max speed a train can go by at instant 7 (m/s)

Ug Track free-flow velocity (km/h)

u, (1) Train speed at maximum throttle at instant # (m/s)

u, (1) Speed of train n at instant ¢ (m/s)

x,(1) Position of the back of train n relative to the start of the trip (m)

A* Throttle level that equates resistance forces at instant £ (0 < 4 < 1)

A, (1) Throttle level of train n at instant ¢ (0 < A < 1)

At The solution time step (s)

G() Grade of track at instant ¢ (%)

N Notch number

g Gravitational acceleration (9.8066 m/s?)

m Train total mass m = Y, m,, (sum of locomotive and car masses) (kg)

n Mechanical efﬁciencycéf the transmission and gear

u Coefficient of friction between the wheel and the track

100072, (H)PF™
i, (1)

’ﬂng> — R, (t.uy)

m

function in Eq. (1) is not to be directly applied to the train
2) throttle forces without discretizing it first. To discretize

N,

max

2
Eq. (1), ( N ) is used in the approach described in Ref. [6].

Unlike motor vehicles controlled by continuous throttle
behavior functions, trains are controlled by discrete throttle
notches, which results in incremental changes in throttle
with running speed [27]. Accordingly, the continuous
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The rest of the procedure is addressed in Ref. [27].
NeTrainSim uses Eq. (1) to calculate the throttle level

based on the desired speed. The desired speed is a variable

set to the maximum speed the locomotive can theoretically
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achieve. This variable value within the simulation frame-
work is user-specified, however, based on a comprehensive
review of relevant literature, a default value of 120 km/h has
been established.

Figure la shows the discretized throttle level based on
eight train notches and the desired speed. The resulting
discretization is aligned with the train number of notches
in Table 2. The throttle level is then used to calculate the
train tractive forces. Figure 1b shows the tractive forces at
different notches. It is noticeable that this curve does not
align with the curve in Ref. [28]. This is because Fig. 1b is
a multiplication of power and the curve [28] is a multiplica-
tion of acceleration.

The net tractive force after overcoming the resistance
forces is available to accelerate the train forward. The
resistance forces change instantaneously on the track for
each locomotive/car based on their attributes and location
on the track. When the tractive forces are equal to the resist-
ance forces, the train is unable to accelerate and travels at a
constant speed. Alternatively, when the resistance force is
higher than the tractive force, the train decelerates.

4.2 Resistance forces model

The modified Davis Equation coefficients have been updated
to reflect modern trains as demonstrated in Eq. (3):

K, A, u?
18N + 0.03u, () + ]

R, =15+ —_—.
" me, 10, 000m,.,

3

4.3 Longitudinal motion model

This section is dedicated to proposing a model for train-
following dynamics, which encompasses the integration of
external force vectors, including resistive and throttle forces.

(a)
1
0.8
~ 0.6
0.4
0.2 - —— = Continuous notches
0 —— Discretized notches
0 0.2 0.4 0.6 0.8

Unlud

Fig. 1 Engine characteristics: a throttle/notch level; b tractive force
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Table 2 Trains characteristics used in scenarios I and II

Train characteristics Scenario 1 Scenario 11
Track length (km) 162 322
Stopping stations at (km) 40, 42, 88, 150 40, 42, 88,
150
Transmission efficiency 0.98 0.82
Max locomotive power (kW) 3262.0 2445.9
Number of locomotives 3 11
Number of of axles per locomotive 6 6
Coefficient of friction 0.4 0.4
First locomotive K| value 24 24
Other locomotive K, value 5.5 5.5
Car K value 5 5
Locomotive frontal area (m?) 14.8645 14.8645
Car frontal area (m?) 12.0774 11.1484
Number of cars 71 139
Number of car axials 4 4
Locomotive length (m) 22.3 23.0
Car length (m) 29.0 20.7
Locomotive weight (ton) 198 190
Car weight (ton) 44 100
Grade (%) 0-2.4 0-2.0
Curvature (%) 0 0-5

Furthermore, the model accounts for the operator perceptual
latency and the temporal lag inherent in the train’s braking
system actuation. The resultant formulation yields a tempo-
ral profile of the train acceleration as a function of the inter-
train spacing and the relative velocities of both the following
and leading trains at discrete time intervals.

The tractive force on each locomotive is computed using
Eq. (4). The model includes the basic tractive forces and the
maximum force that can be sustained between the locomo-
tive wheels and the track and includes a throttle function, as

(b)

) Notch 8
— ++ Notch 7
— - =Notch 6
=== Notch 5
====- Notch 4
......... Notch 3
—— Notch 2
= = = Notch 1
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proposed by Ref. [26]. The throttle function is discretized as
described previously. The max train acceleration a)**(¢) is
computed using Eq. (5) as the difference between the total
tractive force F,(¢) and the total resistance forces R, (¢) rela-
tive to the total mass m,,. The total tractive force is computed
as the summation of the tractive forces on all the locomo-
tives (/) using Eq. (4). The throttle input used in Eq. (4) is
assumed to be the same for all locomotives.

10007, 4, (1) P
Fy, () = Z min (T)l ﬂm18>s )
1 n

a;lna)((t) — Fn(t) B Rn([)

&)
n

Models that calculate traction, braking forces, and resistive
forces are attuned to the specific characteristics of each vehicle.
These models are adaptable, permitting adjustments to accom-
modate various vehicle designs, reflecting the performance of
different models under varied operational conditions.

Here a;*(¢) is train n maximum acceleration in m/s? at
instant 7, F,(#) and R, (¢) are the train tractive and resistance
forces in Newtons at instant ¢, m,, is train total mass in kg, #,,
is train mechanical efficiency of the transmission and gear
(0 <n < 1), P is the maximum locomotive engine power
of train n in kW, u,,(¢) is velocity of train » at instant ¢ in m/s,
u is coefficient of friction between the wheel and the track,
my is total weight of locomotives in kg, and g is gravitational
acceleration (9.8066 m/s?).

The resistance forces are computed using the Canadian
National variation of the Davis equation for both the loco-
motives and rail cars as in Eq. (3). The gradient resistance
force is added. Curve resistance is converted to an equivalent
grade resistance by assuming that the unit resistance of a 1°
curve is the same as the resistance of a 0.04% grade [29].

Hence the final resistance for each locomotive (/) or car
(c)is

18N Kc IAL' luyzl
154 2V 4 0.03u, + < eln
W “n T 10, 000W

+20(G, (1) +0.04|C,,(1)]).

Given that the Davis equation generates the resistance
force in 1bs, the unit conversion (4.4482) is necessary to
convert from units of 1bs to Newtons. Equation (6) is the
result of this conversion:

4.44822 % 1.10231 16329.34
R = = > m(,,,<1.5 + 2 +0.0671u,(0)

cl c,l

6
48862.37A K. u, (1) ©
+ —

mzr,l

+20(G, () + O.O4|CC’,(z)|)>.

The modeling of train deceleration considers a constant
deceleration dg.,, which is user-specified but typically set at
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0.2 m/s>. We use a simple linear train-following model to com-
pute the safe spacing between trains at steady-state conditions,
s using Eq. (7):

$,(0) =8+ T,u, (D), (7

where s‘j, is the spacing when stopped, which is taken to be
the length of the train n plus a buffer of 2 m; 7, is the time it
takes to activate the brakes plus the operator perception reac-
tion time, and u,,(¢) is the train velocity. 7, is estimated by

max
LC

T, = + 1 ®)

where LT is the longest distance the brake signal needs
to travel from the controlling locomotive to the last car in
the batch of cars that are controlled by that set of locomo-
tives. The brake signal is assumed to travel at the speed of
sound (u,) taken to be 343 m/s. 7. is the operator perception
reaction time (taken to be 4.5 s in this paper as an average
of what was found in Ref. [30] but can be user-specified).
Using Eq. (7), the terms are re-arranged to estimate the train
following speed the next time step based on current spacing,
as demonstrated in Eq. (9):

) 5.0 =5, >
it,(t + At) = min —r u; ), ©)]

n

where u; is the free-flow velocity of the track ahead of the
train. The time-to-collision (TTC) is computed assuming
the train continues at its current speed, as shown in Eq. (10).

su(0) = 5,

,TTC,.x |-
max (u,,(1) — u,_(t),0.0001) >
(10)

The desired acceleration, at some time into the future using
the spacing at time ¢ and incorporating it in the range policy
presented in Eq. (9), is computed twice. First assuming the
speed is achieved over a time interval TTC (Eq. (11)) and the
second is assumed to occur over a time interval 7, (Eq. (12)).

TTC = min (

i, (t + At) — u, (1)
am4m=mm<——fﬁf——n—w>, (11)
an,1—2(t) = min <M’a:ax(l‘)>' (12)

We then compute the train acceleration as a weighted com-
bination of the two accelerations, where the term f, is com-
puted using Eq. (14). The coefficient f, is a binary variable that
is equal to zero when the acceleration is negative and equals
one when the acceleration is either zero or positive. The first
acceleration term is used for the train’s negative accelerations
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(decelerations) while the second term is used for positive
accelerations.

a, _3(1) = (1 _ﬁl)an,l—l(t)+ﬂ1an,l—2(t)’ (13)

4O +a,, 0]
2 x max (|a, ;_;(1)],0.0001)

b (14)

An alternate train acceleration is computed by taking the
Lagrangian derivative (a vehicle-based derivative) of Eq. (9),
as formulated in Eq. (15):

a, ;_4(t) = max <min <M,ag‘ax(0>, —,ug).

Tﬂ

15)
We then compute the train acceleration as a weighted com-
bination of these two accelerations, where the term f, varies in
the range [0, 1].. The first acceleration term (a,, ;_3(¢)) ensures
that the train spacing between it and the train ahead complies
with the range policy presented in Eq. (9). The second accel-
eration term (a,, ;_4(#)) ensures that the train adjusts its speed

to the speed of the train directly ahead of it.

a, (1) = Bra, 3D + (1 = By)a,  _4(0). (16)

The complete train longitudinal motion model is a modifi-
cation of the Fadhloun-Rakha car-following model [26] that
is formulated in Eq. (17). The first term computes the train
acceleration when the speed of the train ahead of it is greater
than or equal to its speed while the second term computes the
train acceleration while approaching a slower-moving train.
It ensures that the train attempts to decelerate at the desired
deceleration level (d,.). Again the y term is a binary variable
that is either O or 1. It equals zero if the speed of the train ahead
is greater than or equal to the subject train speed and is 1 if the
speed of the train ahead is less than the subject train speed.

a,(t) = (1 = y)a, (1) —ya,,(). a7)

The other parameters are computed as

(4,0 =, (17)

a, () = min - >
4<max (sn(t) — 8= T, (1), 0.0001)) dy,

ug |

(18)

The d,, in this equation is the desired deceleration level,

which is assumed to be constant or could be retrieved from

a brake model. In this research, we used a constant value of
0.2m/s? and is user-specifiable.

L 1, (1) = t,_y (1) + [ (w, (1) — ”n—l([))2 (19)

2 x max (|u, () — u,_,(1)],0.0001.)
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When the train spacing is greater than s,,4, the movement
of the train is assumed to be free of train interaction and is
achieved using the vehicle dynamics alone, i.e., ;™ (2).

2

M_f (20)

Slad = an_l + T,u; + 1% d, .
es

The acceleration is then constrained by the maximum jerk
allowed (j,.y), as shown in Eq. (21). This ensures that the
train movement is smooth.

|a, ()| = min (|a,®)], |a,(t — AD) + jmaAt]).- QD

The smoothed acceleration &, (¢) is then computed using
an exponential smoother, as demonstrated in Eq. (22). Here
a is the exponential smoother. A smoothing factor value of
1.0 provides no smoothing and lower values provide more
smoothing.

a,t)=axa,(t)+ (1 —a)xa,(r). (22)

The train speed is then computed using the first-order
Euler approximation, as formulated in Eq. (23):

u,(t + Af) = max (min (u(t) + a(r) x At, uf), 0). (23)

4.4 Energy and carbon emission models

As described in our previous work [31, 32], the quanti-
fication of CO, emissions generated during combustion
depends on the molar quantities of each reactant. For fos-
sil fuel combustion (C,,H,3) as an example, the balanced
equation below (Eq. (24)) indicates that 2683.067 g of
fully oxidized carbon (44.01 g/mol) are emitted by burning
1L of diesel. This number is obtained by multiplying the
number of CO, moles in 1L—following Eq. (24)—which
is 60.97 mol by the molar weight of CO,. However, due
to the incomplete oxidation of carbon in the locomotive
engine, a small portion of the emissions exists as carbon
monoxide (CO) and hydrocarbons (HC). As indicated by
Ref. [24], it is observed that the resulting CO, emissions
(with a molar mass of 44.01 g/mol) constitute an average
of 95% of the fully oxidized CO emissions [24].

4C,H;; + 710, — 48CO, + 46H,0. 24)

Figure 2 presents the dynamic changes in the ratio of
carbon dioxide (CO,) emissions compared to the total
oxidation of carbon, as well as the notch number in die-
sel fuel. Specifically, when 1L of fossil diesel fuel under-
goes complete combustion, it releases approximately
2559.5 g of CO, (53.04 mol/L). On the other hand, if bio-
diesel (C,cH;50,) with the same combustion efficiency is
used, it generates approximately 2226.7 g of CO,. This
relationship is described by Eq. (25), which provides a
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mathematical model for the correlation between the pro-
portion of CO, emissions and the position of the notch.
However, since the model only explains 34.3% of the
error, which is relatively small, we use a constant of 95%
(average value as used earlier).

Feo, (f) = 0.963 +0.066 - Notch — 0.105 - Noteh®.  (25)

4.5 Train delay and number of stops estimation

The train delay is computed at each time step for each locomo-
tive/car by comparing its travel time to its travel time if driven
at the free-flow speed of the corresponding track it is on, as
shown in Eq. (26). This is based on previous work done in the
traffic domain and validated against empirical data [33]. The
delay for a specific train/trip is then computed as the summa-
tion of the delays across all the time steps that constitute the
trip. The total network delay is then computed as the summa-
tion of the total delay of all trains simulated.

o (1 - w) X At

Ule

(26)

d,(0) = c+1

Similarly, the number of stops the train incurs is com-
puted based on work done in the traffic flow domain [34],
as demonstrated in Eq. (27). This equation captures all par-
tial stops incurred by the train each time step and then is
summed up across all time steps to compute the number
of stops experienced by the train. This is then summed up

100

O
W

O
(=]
.

o]
W

Percentage of CO, content

80

1 2 3 4 5 6 7 8
Notch

Fig.2 The relative proportion of carbon dioxide (CO,) content result-
ing from partial oxidation of carbon to complete oxidation of carbon,
as a function of the notch position [24]
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across all the trains to compute the total number of stops
incurred across the network of trains.

» (“n(T—AI)—“n(Y)>
c.z e

5,(D) = i 1, (1 = AL) > u, (1) . 27)
0 otherwise

5 Simulator description
5.1 Simulator logic

NeTrainSim simulates multiple trains on a given network.
The network is defined as a graph connecting nodes with
links of multiple intersecting lines. The simulator also allows
the implementation of signals at specified nodes. The simula-
tor is a motion-based longitudinal simulator in that it allows
the modeling of both tractive and resistive forces acting on
the trains, while also incorporating train-following models
that govern their behavior when in the vicinity of each other.
The simulator is a time-driven algorithm that calculates the
movements of the different trains at each time step of the
simulation. Once completed, a summary file is generated
containing information pertaining to the train travel time,
traveled distance, consumed energy, and fuel consumption.

Further, the simulator is designed to incorporate and model
a mixed technology consists. In such a case, the energy con-
sumption is assumed to be evenly distributed at the wheels of
all active locomotives, taking into account their operational
status. However, there may be instances where a locomotive
power source is no longer able to provide energy, resulting
in the locomotive becoming inoperative. In such cases, the
energy consumption calculations do not consider the energy
utilization of that locomotive. The simulation platform con-
tinuously updates its calculations based on the operational
status of each locomotive, ensuring that the energy consump-
tion estimations remain accurate and relevant.

This simulation technique enables the modeling of com-
plicated mixed technology situations and gives significant
insights into energy use patterns, assisting in energy con-
sumption optimization. Furthermore, by constantly updating
the computations based on real-time operating conditions,
the NeTrainSim guarantees that its estimates are accurate,
giving trustworthy data for decision-making. It should be
noted that the model then computes the energy at the bat-
tery/tank, depending on the technology using the efficiency
curves that were described earlier.

The simulator (Fig. 3) is divided into modules and each
module handles a set of tasks. The network module handles
the network calculations and defines the network structure.
The train dynamics module defines the train characteris-
tics, their paths, and their movement dynamics. The energy
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module handles energy consumption calculations with dif-
ferent energy sources. Lastly, the simulator module is the
central component where all calculations are synchronized,
and actual train movements are simulated.

The network links are assumed to be linear (only in length
calculations). This is because the simulator uses vectors to
calculate the train coordinates and reduce the calculation
time. Vectorization requires the links to be linear instead of
curves since curves are composed of millions of approxi-
mate vectors.

Line segments are treated as a piecewise sequence of
links. Each link has a constant grade, curvature, and speed
limit. When these links are short relative to the train length,
the train spans many links. Therefore, every car or locomo-
tive has its specific grade, curvature, and maximum allowed
speed. The train is not allowed to exceed the maximum
speed of any of the train-spanned links. Furthermore, trains
must reduce their speed before entering a link to ensure that
they maintain a free-flow speed (speed limit) less than the
train’s current speed.

NeTrainSim (Fig. 4) starts by setting the locations where
the speed must be zero (e.g., for crew changes). If no stops
are specified, which is the default, a stop is specified at the
end of the route. The main driving point of the simulator is
checking whether all trains reach their destination. The sim-
ulation ends when all trains have reached their destinations.
A summary file is then generated along with an optional tra-
jectory file. If at least one train does not reach its destination,

e

v B S

Network Train
Train properties
and OD file

Energy
Consumption

Nodes file
Links file

( ]
Y

Simulator
(time controlled)

Output
database

Fig. 3 Simulator schema
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the simulator first determines the trains for which the trip is
still in progress and then runs the calculations specifically
for those trains until they all reach their destinations.

At each time step (Fig. 5), the simulator retrieves the grade,
curvature, and free-flow speed for every unit in every train.

The simulator uses this information to calculate resist-
ance forces. In addition, the simulator sets the maximum
speed that each train can go based on the maximum allow-
able speed for all units in a given train. Simultaneously, the
simulator calculates how far it is to the next stopping station,
reduced-speed point, or train ahead. This ensures that the
train reduces its speed appropriately without colliding with
other trains.

All the gathered information is passed to the train dynam-
ics module to calculate how much acceleration or decelera-
tion is required. This speed is used to compute the incre-
mental distance traveled during the current time step. This
distance is added to the train’s cumulative traveled distance.
Lastly, the energy consumption of the train is calculated
based on the train characteristics as stated in Ref. [35]. All
trains are advanced in the same manner.

The last step toward making NeTrainSim a comprehen-
sive network simulator relates to the implementation of an

Simulation
start

Set train stopping
stations

Define signals
groups

All trains reached
destinations

Yes, next train

Yes

Trains reached
destination

Train step
forward

Turn signals on
for nearest train
and off for others

Simulation

end

Fig.4 Simulation flow chart
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effective conflict management strategy as conflict zones are
quite common for trains. The adopted strategy consists of
two main stages. First, any potential conflict zones are iden-
tified for each train prior to the start of the simulation. That
is achieved by pre-defining the route that each train will take.
Based on those routes, two possible scenarios could arise,
namely: if the links defining the route of a specific train
and the links defining the routes of the remaining trains are
exclusive, the conflict management strategy will be deacti-
vated for that specific train as the possibility of conflicts has
been eliminated beforehand. Otherwise, it will be active for
the entire trip of the train; thus, ensuring that conflicts with
other trains are addressed appropriately as they arise. This
two-tier activation strategy ensures a significantly faster sim-
ulation time for networks with no or few potential conflicts.

Generally speaking, conflict zones for trains, that can be
encountered in the simulator, fall into one of three main
categories as shown in Fig. 6:

Time

step start

i Network module l
Retrieve each loc./car Calculate distance to
1) Grade, 1) Next stop,

2) Reduced-Speed point, or
3) Other trains

2) Curvature, and
3) Max free flow speed
Y

1) Use all locs/cars grades
and curvatures
2) Use lowest free flow
speed

(

Use critical

distance

l Train dynamics module

Calculate
1) New acceleration
2) Forward distance

Network module

Calculate new train-
front-tip
coordinates

Energy consumption module

Calculate energy
consumption

Time
step end

Fig.5 Time step simulation calculations
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e The first category occurs when two trains are approaching
each other and have to share a single two-way track. In this
case, the first train to reach either of the entry nodes of the
conflict zone has priority to use the shared track while the
other train is forced to stop until the track is cleared. If sev-
eral trains are queued in both directions, then the trains in
the same direction as the first crossing train will be cleared
first. From a network perspective, this strategy is more
effective in terms of minimizing the total average delay
of the trains than a FIFO strategy. While the used conflict
management strategy is basic in that it only accounts for
the instantaneous positions of the trains in the decision-
making process, the research team will complement it later
on with an Eco-cruise algorithm and enhancements to the
priority of train movements. The purpose of such an algo-
rithm is to ensure that the trains clear the conflict zones in
the most energy-efficient manner.

e The second category is quite similar to the first one with
the main difference that there exist several links that the
trains can utilize to cross the conflict zone. For instance,
Fig. 6-case 2 illustrates a scenario in which the conflict
zone could be cleared by traveling on one of three links
depending on the direction of travel. The three links con-
sist of two one-way tracks (one in each direction) as well
as a bidirectional track that can serve trains traveling in
either direction. The conflict management strategy pre-
sented earlier for the first category remains valid here
with the main addition that the use of the two one-way
tracks is prioritized over the use of the bidirectional link.

e tis noteworthy to mention, at this level, that the first and
second categories concern scenarios in which any links
present in the conflict zone connect its entry node to its
exit node which can only occur when the train length is
smaller than the link length. In other words, trains need
to cross a single link to clear it. Hence, there is a need
for a third category that addresses the scenarios in which
the conflict zones span over several successive links. This
last category, which could be cast as a generalization of
the first two categories, can happen when a train spans
over several links as shown in Fig. 6(case 3). Because of
that, the adopted conflict management strategy includes
a module for the correct identification of the extremities
of any conflict zones in the simulated network.

Fig.6 Conflict zone resolution strategy
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5.2 Simulator scalability

The simulator uses discrete time steps to update the
speeds, accelerations, energy consumption levels, and all
the dependent statistics of the different trains. The smaller
the step size is, the more accurate the results are. Using a
time step of three seconds reduces the total simulation time
by ~60% (relative to the 1-s time-step case) while the result-
ant statistics are largely unchanged. Increasing the time step
beyond three seconds creates more significant changes in
the predictions.

Scalability trials, encompassing 1 to 200 train increments
with 1 to 10-s time steps, demonstrated linear performance
O(n) escalation to 50 trains, transitioning to quadratic o)
beyond that threshold. The 200-train scenario was executed
in 5.87 h on an Intel© Core i7-8750H, 32 GB RAM laptop.

6 Case studies

Four scenarios are presented here (I, II, III, and IV), with
train characteristics shown in Table 2. The first attempts to
validate NeTrainSim against empirical train trajectory data.
That is achieved by simulating the actual network on which
the empirical trajectory was collected and setting the train
characteristics similar to those of the train that completed the
trip. The validation of the simulator can be, thus, achieved
by comparing the simulated trajectory to the empirical
field-based observations. The second scenario primarily
demonstrates the performance of the train-following model
implemented in the simulator in terms of regulating the lon-
gitudinal motion of the trains when following one another. In
that regard, the second scenario involves six trains following
each other. The second through sixth trains are shorter and
lighter than the first, by 50% to ensure that they can catch
up with the lead train.

Scenarios I and II are one-way tracks of lengths 162 and
322 km, respectively, with 4 intermediate stopping stations.
These stations force the train to stop completely and then
move again. The stops are distributed as shown in Table 2.
The trains start and end their trips with a speed equal to zero.
The tracks consist of 207 and 156 one-way links for scenar-
ios I and II, respectively, with lengths varying between 0.3
and 9 km. Different grade, curvature, and maximum speed
combinations are assigned to every link along the track (as
shown in Figs. 8 and 12). In our case studies we assumed
the coefficient of friction to be constant with a value of 0.4.

Next, we follow up with scenario III, which groups a total
of six sample cases presented using a similar network con-
figuration. Each of the presented examples aims to highlight
a specific feature of the simulator in relation to its conflict
resolution strategy and/or train-following algorithm. A sim-
ple network configuration with short links and low free-flow
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speeds is used to achieve that objective. A diagram of the
considered network is presented in Fig. 7. It consists of four
origin—destination zones (A, B, C, D), two intermediate
nodes (E, F), and five links connecting the different nodes
as shown with corresponding lengths of 10 km for link EF
and 14.14 km for the others. It is noteworthy to mention,
here, that the number of links connecting node E to node F
can be varied between one and three links depending on the
investigated case.

Finally, the free-flow speed of all the links in the network
is set to 10m/s which makes it easier to visualize how the
conflict resolution strategy is working. The train character-
istics used in this Scenario are the same as the ones used in
scenario II.

Finally, scenario IV compares different powertrain tech-
nologies on the entire US train freight network. To facilitate
an accurate comparison, the complete USA Freight Network
was comprehensively simulated. The adopted methodology
and results are described in detail in our previous work [36].

6.1 Scenariol

Figure 8 shows the train speed profile for the first scenario.
The traveled distance is shown on the x-axis and the speed
in m/s on the y-axis. The dotted line presents the field meas-
urements. Note that at high-grade values (dashed line), the
speed drops as the train decelerates as a result of the sig-
nificant increase in the resistance forces. For instance, at
a distance of 35 km (Fig. 8b), the speed drops from 25 to
22 m/s due to a grade of 2%.

Field data for a freight train on this alignment was availa-
ble to the authors from a rail operator in North America. The
speed profile from the field data is provided for comparison
with the model’s results. The acceleration/deceleration deci-
sions of the model logic are somewhat different from that
of the train operator. In zone Fig. 8a, both our simulator and
the driver showed similar behavior in accelerating; however,
the operator is found to be less aggressive than our model
prediction as described by Eq. (1). Figure 8c expressed a
similar behavior except the driver is slightly more aggressive
than in Fig. 8a. In Fig. 8b, both the driver and the simulator

(0,10) (30,10)

(0,-10) (30,-10)

Fig. 7 Diagram of the network for scenario III
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Fig.8 Speed profile of the train in scenario I

decreased their speed to accommodate the stopping station.
Nevertheless, the simulator is found to be more forceful on
the brakes than the driver. In Fig. 8d, the driver reduced his
speed unlike what the simulator did.

Statistics results show that the simulated trajectory
resulted in 10 min and 44 s of delay and 8.0 of stops for the
leading train.

Figure 9 plots the simulated and empirical acceleration
profiles as a function of the traveled distance. The figure
shows that the operator continuously changes the train speed
and thus there is more noise in the empirical data. However,
there are spots like those highlighted in Fig. 9 where the
acceleration decisions are similar.

The acceleration provided in Fig. 9 is the actual accel-
eration used to change the train speed. Another interesting
acceleration profile refers to the one resulting from the
application of the brakes to reduce the speed in order to
not exceed the free-flow speed on a downgrade. This is
another type of acceleration, referred to as virtual accel-
eration, which is used to regenerate energy, along with the

observed deceleration, as indicated in Ref. [37]. Figure 10
shows this virtual acceleration profile. Figure 10a is an
instance of applying the brakes at a downgrade section
while maintaining the train speed.

Figure 11 shows the rate of energy consumption (EC) of
the train (further described in Ref. [37]). As shown, this rate
is following the speed profile. The energy consumption rate
is the highest when the train is accelerating from a speed
of zero and is lowest when the train is decelerating. When
the EC is below zero, this indicates the train is regenerating
energy and storing it in its batteries. The model predicts the
total energy consumed to be 10.15 MWh while the field
data show an energy consumption of 10.58 MWh, which
corresponds to a 4.5% difference. Furthermore, when the
aforementioned train, maintaining identical configuration
and weights, operates on diesel fuel, there is an approxi-
mate 150% rise in energy consumption, corresponding to
26.72 MWh or 2,685.3 L of diesel fuel. This increase in
energy usage is associated with emissions of approximately
6,872.9 kg of carbon dioxide (CO,) and 343.2 kg of carbon
monoxide (CO) and hydrocarbons (HC).
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Fig.9 Acceleration profile of the train in scenario I

@ Springer

Railway Engineering Science



NeTrainSim: a network-level simulator for modeling freight train longitudinal motion and...

Acceleration (m/s?)

80 100 120 140

160

Distance (km)

Fig. 10 Virtual acceleration profile of the train in scenario I

6.2 Scenarioll

Similarly to scenario I, we start by presenting information
pertaining to the leading train speed profile in Fig. 12 as a
function of the distance traveled (solid line). The dashed
lines present the speed limit (also known as the free-flow
speed) on each of the links along the train path. The pro-
file shows sections with high grades and decelerating
speeds. For example, at a distance of approximately 14 km
(Fig. 12a), the speed drops from 17 to 6 m/s due to an uphill
grade of 2%.

There are also sudden drops in speed like the one at
approximately 64 km (Fig. 12b) because of stops at stations.
Also, the train does not exceed the speed limit of any link.
Moreover, the train reduces its speed before leaving a high-
speed link and approaching a low-speed link as indicated at
a distance of 90 km in Fig. 12c. Statistics results show the
simulated trajectory resulted in 1 h and 20 min of delay and
11.8 of stops for the leading train.

The leading train acceleration profile is shown in Fig. 13.
The maximum acceleration comes right after a complete
stop, and it is relatively high when the train is increasing its
speed. When the deceleration is constant, the jerk is near
zero, due to the smoothing function in Eq. (22), which con-
strains the train ability to reach the maximum deceleration
level as soon as the brakes are applied.

Figure 14 shows the rate of energy consumption for the
leading train in scenario II. The total energy consumed by
the leading train is found to be 83.5 MWh. For the following
trains, it is around 50.6 MWh. The same configuration of the
leading train would consume 382 MWh with approximately
38,391 diesel liters, which is approximately equivalent to
98,261.8 kg of CO, and 4,913 kg of CO and HC.

Figure 15 shows the time—space diagrams of the different
trains. The slope of each train trajectory allows the determina-
tion of the instantaneous speed at a particular time. The first train
(train 1) moves freely. Its speed is limited only by the maximum
speed and its propulsive and braking capabilities. The speed
reductions are due to these limitations. The following trains are
constrained by the lead train. The initial headways are 1000 s to
allow each train to traverse a significant distance before being
impeded by the train ahead of it. At 14 and 170 km, the resist-
ance forces are large due to high grades; and train 1 slows down.
Trains 2—-6 slow at that location and follow each other at the
minimum allowable headway. At 100 km, train 1 reaccelerates
and the headways increase again until 200 km.

Figure 16 shows the headways between trains. Since train
1 does not follow another train, its headway is not shown.
As can be seen, the headway trends are similar for trains
2-6 but displaced in time. At the beginning of each train
trajectory, it travels at the maximum allowed speed until the
headway is less than s;,4 as calculated by Eq. (20). At that
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Fig. 11 Energy consumption profile of the train in scenario I
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Fig. 14 Energy consumption profile of the leading train (train 1) in scenario II

point, the train reduces its speed to follow the train ahead. At
approximately 600 min, train 1 reduces its speed because of
the significant grade. The rest of the trains bunch up behind
it as a consequence of their faster speeds. After this, train
1 re-accelerates and the following trains move freely. Once
each train reaches its destination, the plot of its headway to
the train ahead ceases to be plotted.

6.3 Scenariollll

As mentioned earlier, scenario III consists of six sub-sce-
narios that aim to showcase the functioning of the three
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categories of conflicts, for which a management strategy is
implemented in the simulator, using the network diagram
presented in Fig. 7. For each of the simulated cases, the
results consisting of a screenshot of the simulation, the
traveled distances, and the speed profiles of the trains are
presented in Fig. 17 through Fig. 22. The first four cases,
relating to the first category of conflicts in which two trains
are approaching each other and have to share a single two-
way link (between node E and node F), are as follows:

e Scenario III.1.1: Two trains T, and T, traveling from
zones A and C to zones D and B respectively are intro-
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Fig. 16 Train headway to leading train in scenario II

duced in the network one after the other. The results,
presented in Fig. 17, demonstrate the simulator conflict
management strategy is working as expected. Given
that train T started its trip before train T,. It was given
priority to cross the conflict area EF. As confirmed by
the presented distance and speed profiles, Train T, was
forced to stop at node F before the shared track until it
was cleared. At that point, it was allowed to continue
proceeding toward its destination.

Scenario III.1.2: This scenario is similar to the previous
scenario with the only difference that train T, was intro-
duced in the network first. Figure 18 confirms that the
results of this simulation are consistent with the expected
outcome that train T, is the one to stop at the entrance of
the shared track.

Scenario III.1.3: This scenario is also similar to scenario
III.1.1. However, the trains were introduced in the net-
work at precalculated times in such a way that train T,
clears the shared link while train T, is reducing its speed
but before completely stopping. The speed profile of
Fig. 19 confirms that was the case as train T, reduced
its speed from the free-flow-speed of 10 m/s to around
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3.5 m/s before accelerating again when train T, cleared
link EF.

Scenario III.1.4: Same as scenario III.1.3 except that train
T, is traveling from zone D to zone A and train T, is
traveling from zone B to zone C. Again, the results were
as expected as shown in Fig. 20.

Next, we present scenario II1.2. This scenario is set up
similarly to scenario III.1.1 except that two one-way links
(one in each direction) connect nodes E and F. As expected,
the two trains were able to cross segment EF simultaneously
without any conflicts. That is confirmed by the overlap of
the distance and speed profiles presented in Fig. 21. The
observed overlap is quite normal given the symmetry of the
network and the fact that the two trains started their trips
at the same time. Finally, scenario II1.3 illustrates the case
where the conflict zone stretches over several successive
links.

Figure 22 confirms that the simulator handled this type of
conflict successfully given that train T, stopped at what was
determined to be the entrance of the conflict area.

@ Springer



A.S. Aredah et al.

40

20

Distance (km)

Train 1

w= w= == Train 2

40

60

Time (min)

80

(b)

Fig. 17 Scenario III.1.1 results: a time—distance diagram; b time—speed diagram

(@)

40 -
Train 1 e
— — — Train 2 -
Ld
L4
L4
g g
= - L i
§ 20 e
2
0
0 20 40 60 80
Time (min)

Train 1

= = = Train 2

Fig. 18 Scenario III.1.2 results: a time—distance diagram; b time—speed diagram

(@)

40

Train 1

= = = Train 2

20

Distance (km)

40

Time (min)

60

80

10 priiii;innon—mJ———— === == = b
1 1 '
o~ : | [
1
Z . . :
? L |
= 5 1 ' ]
1 1 l
1 I 1
1 ' I
1 1 1
| 1 1
O L 1 L
20 40 60 80
Time (min)
(b)
Train 1
= = = Train 2
10 [y . o o
[
— 1
1
g i
- 1
g |
& :
'
1
1
1
0 1
0 20 40 60 80
Time (min)
(b)
Train 1
= = =Train 2
10 e} e e a1
| " |
— < " 1
u 1
g : t )
3 | ’ '
2 5 ! ! :
%) ' !
) I I
i 1 1
) |
. 1
0 : :
0 20 40 60 80
Time (min)

Fig. 19 Scenario III.1.3 results: a time—distance diagram; b time—speed diagram

@ Springer

Railway Engineering Science



NeTrainSim: a network-level simulator for modeling freight train longitudinal motion and...

(@

Distance (km)

40

20

Train 1 .

= = = Train 2

0 20 40

Time (min)

60 80

(b)
Train 1
= = =Train 2
10 fj=—=—=~—
1
/VT 1
= 1
g )
2 1
2 5 :
2]
1
1
1
[}
1
0
0 20 40 60 80
Time (min)
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6.4 ScenariolV

The final scenario entails using the NeTrainSim simulator
to model the entire US freight train network to quantify the
fuel/energy consumption for different train technologies.
This scenario uses this scalability in demonstrating the
effectiveness of the simulation framework in assessing
diverse powertrain technologies on the energy consump-
tion at the tank, as summarized in Table 3. The simula-
tion’s accuracy is established by an initial comparison with
actual energy consumption data of diesel trains from the
Association of American Railroads [4], which documents
an expenditure of 3.118 billion gallons of diesel fuel in
2021. These empirical figures corroborate the simulated
values presented in Table 3, thereby affirming the reli-

table further extends the energy consumption analysis to
encompass a spectrum of powertrain alternatives, main-
taining consistent train configurations for an equitable
comparison.

In the first column, Table 3 lists the annual total energy
consumption for the entirety of the US freight train network
in units specific to each powertrain technology. The sec-
ond column standardizes these figures into kilowatt-hours
(kWh), to enable a straightforward comparative analysis.
The third column quantifies the proportional energy usage
of each alternative relative to the conventional diesel bench-
mark. Finally, the fourth column provides the annual CO,
emissions for each powertrain technology, measured in
million tons, thus offering insights into the environmental
implications of each technology. For an in-depth exposition

ability of the simulation with an error of only 0.9%. The
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of these results, readers are directed to consult Ref. [36].
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Fig.21 Scenario II1.2 results: a time—distance diagram; b time—speed diagram
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Fig.22 Scenario II1.3 results: a time—distance diagram; b time—speed diagram

Table 3 US simulated energy consumption comparison using NeTrainSim

Type Total consumption per year Eq. energy per year (kWh) Relative to diesel (%) CO, emissions
x10° ton/year

Diesel 3,089,551,518 Gal 116,370,395,749 100.0 7.88

Diesel hybrid 2,619,659,798 Gal 98,671,553,356 84.8 6.68

Biodiesel 3,323,887,151 Gal 116,433,053,998 100.1 7.37

Biodiesel hybrid 2,790,214,948 Gal 97,738,952,319 84.0 6.19

Battery electric 53,733,886,668 kWh 53,733,886,668 46.2 -

Hyrogen FC 2,947,102,078 kg 98,226,912,261 84.4 -

Catenary electric 49,020,429,884 kWh 49,020,429,884 42.1 -

7 Conclusions

In this paper, we present NeTrainSim, a unique open-
source multi-train simulator for fuel, energy, and green-
house gas emissions prediction of diesel, biodiesel, their
hybrid variants, hydrogen, and electric freight trains.
NeTrainSim is a motion-based simulator that uses train-
following strategies adapted from traffic flow theory in
combination with train motion modeling to control the
longitudinal motion behavior of the different trains. That
is complemented by a conflict management strategy that
allows the simulator to deal with the main types of con-
flicts encountered in railroad networks. Given that freight
trains are very long, the model decomposes the train into
its constituent locomotives and cars while computing the
resistance forces on the train. The simulator outputs con-
sist of different metrics such as the instantaneous accelera-
tions, speeds, positions, fuel/energy consumption levels,
CO, emissions, delays, and stops of all the trains in the
simulated network. The tool is demonstrated to produce
results similar to empirical data demonstrating that the

@ Springer

model produces defensible results for travel times, speed
trends, and energy consumption of the trains. As of now,
the simulator does not capture the so-called energy con-
sumption “at the well” or at the ultimate energy source.
Nevertheless, the simulator can compare energy consump-
tion characteristics for different energy technologies con-
sidering onboard energy use. The tool is demonstrated to
be scalable with computational times in the O(n?), where
n is the number of trains. In future studies, the simulator
would benefit from incorporating a more advanced brake
model and considering a variable coefficient of friction
along the track.
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