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Abstract—DC energy hubs have emerged as suitable candidates
to enhance the electrical infrastructure in a localized approach,
allowing future expansion in the transportation sector despite
the electricity grid congestion. However, a risk in designing such
a hub is that the outcome of the optimization can be a mere
consequence of the (lack of) sophistication of its generation and
load models. In that aim, this paper presents a sensitivity analysis
for a power demand profile for a DC railway traction power
substation, taking into account traction power parameters and
the heating, ventilation, and air conditioning (HVAC) modeling
approaches. It is found that the traction parameters such as total
mass can be confidently considered using an averaged value. On
the other hand, modeling the HVAC system using an averaged
power demand can lead to errors over 6%, especially in the
recovered braking energy calculations.

Index Terms—Energy hub, energy storage, grid congestion,
high power rectifiers, renewable energy, railways, traction.

I. INTRODUCTION

Transportation is one of the major contributors to green-

house gas emissions and one of the main causes of climate

change. In fact, the carbon footprint left behind by transport

is responsible for around 20% of greenhouse gas emissions

in Europe and has become a growing concern nowadays.

Rail transport actually is one of the greener options in the

transportation sector, especially in the Netherlands where

most lines are electrified. Compared to other sectors, rail-

way systems have a relative low carbon footprint as well.

However, industry partner has set carbon neutral goals to

push this even further, being also an opportunity to slow

down environmental deterioration and displace fossil fuels as

the dominant source of energy. Additionally, as the world

becomes increasingly urbanized, the demand for transportation

is expected to rise. According to the European Commission,

by 2030, scheduled collective travel of under 500 kilometers

should be carbon neutral within the EU, and high-speed rail

traffic will be doubled. Beside the quick expansion in the

labour of transport electrification and the significant increases

in electric vehicle charging demand, it is estimated that the

utilization of the distribution systems will reach their max-

imum capacity, which will further accelerate many of these

challenges [1–5]. In light of the above, electric railway systems

(ERS) are required to move toward greener solutions, as other

rail-based means of transportation like trolleybuses or trams

[6, 7]. Some researchers pointed out the potential benefits

of adopting distributed energy resources (DERs) in terms of

efficiency and sustainability, like renewable energy systems

(RES) such as photovoltaic (PV) arrays and wind turbines,

in combination with different energy storage systems (ESSs)

to effectively carry out RBE or peak power shaving [8–12].

Nevertheless, the large infrastructure investments required for

upgrading the railway infrastructure arise several challenges

for finding suitable solutions to achieve a smoother energy

transition. For further understanding, it is important to de-

velop a mathematical model of the railway power system and

provide sensitivity information regarding some assumptions

and parameters considered. This paper presents a sensitivity

analysis for a power profile demand model for DC railway

system. The paper is structured as following. In Section II,

the power profile modelling is presented. Section III presents

the discussion and results for the sensitivity analysis. Finally,

conclusions are listed and summarized according to the results.

II. DC RAILWAY SYSTEMS

The first electric railway in the Netherlands started to

operate in 1908, Hofpleinlijn, connecting Rotterdam with the

Hague and Scheveningen. Initially, it was based on an AC

10kV system, transitioned into DC in 1922. The current DC

railway traction power system (TPS) in the Netherlands is

based on a 1.5 kV DC network with a maximum current

rating of 5200 A. A layout is depicted in Fig. 1, where a

bilateral feeding between two substations, one at the left side

for 24 pulse rectifier and the right side for 12 pulse rectifier,

and its connection to the catenary is presented. Despite its

reliability and robustness, the control capacity of the existent

TPS is limited, as it can only draw power from the grid.

Furthermore, diode based rectifier doesn’t provide any voltage

nor power control capabilities. Besides, with the expected

increase in energy demand, transportation sector growth, and

the congestion from the public grid side, this layout further

challenges future expansions, which requires an upgrade from

transmission to distribution electrical infrastructure, involving
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+1.5-1.8 kV

Third rail

60 m

10-10.5kV

5.4MW 2.5MW

12 pulse
rectifier

24 pulse
rectifier Infrastructure losses

           10%

Net energy
     90%

Traction losses
        12%

Kinetic energy 
       40%

Motion resistance
         20%

Braking losses
        8% Recovery losses

         5% Recoverable
    energy 
       9%

Traction power 
    substation

Recoverable braking 
        energy 32%

   

 
  

Auxiliary load
       18%

Sankey diagram

Auxiliary load
       18%

*

Auxiliary load

Fig. 1. DC railway power system. Energy flow in urban railway.

substantial investments that neither the public nor private

sectors are willing or capable of spending. Every year, the

owner of the infrastructure has to estimate the required ca-

pacity for each connection in order to settle the contracted

transport power (GTV or Gecontracteerd Transport Vermogen,

in Dutch) with the public grid operators. The agreed maximum

power consumed from the grid over the last 15 minutes

must be below the GTV, otherwise fines could be applied

depending how severe the infraction is. Researchers have

been encouraged to find suitable upgrades to the electrical

infrastructure of DC railways for allowing their expansion,

without compromising nor saturating the public grid [13, 14].

Similarly, as the idea of having control over the power flows

between distributed energy resources within the DC power sys-

tem is getting more attention, DC blocks composed by RESs

and BESs emerged as a suitable candidate for overcome the

above-mentioned challenges, providing energy management

capabilities, reducing the energy dependence from the public

grid due the local generation and storage.

A. Rolling stock

In Fig. 1 a Sankey diagram with the main energy consump-

tion and losses in urban railways is depicted. First, the losses

related with infrastructure typically represent 10% of the total

energy usage. These losses are mainly caused by transmission

lines and conversion through transformer and rectification.

From the 90% of the energy that goes into the train, only

40% is converted into kinetic energy, while the rest distributed

among 3 main sources. Twenty percent of the energy goes to

motion resistance, caused by the rolling and aerodynamic drag,

other 12% goes to mechanical conversion losses due gearbox

and motor efficiencies, and the auxiliary loads, which include

lighting, control circuits, cabin doors, heat, ventilation and

air conditioner (HVAC). The energy consumption of auxiliary

loads can vary drastically, and it will depend of the season

of the year and the country as well. For instance, it could

vary between 15% and 40% for Scandinavian countries like

Norway and Finland between summer and winter, while in the

Netherlands between 10% and 30% of the total net energy.

Regarding the recoverable energy available from the electrical

braking, it is estimated that 8% of the remaining kinetic energy

is typically wasted by over-voltage protection at the catenary

level. This protection is based on a chopper resistor, which is

usually engaged when the train starts braking at high speed.

The remaining recoverable braking energy could vary between

9% and 27% depending on the auxiliary load consumption.

For recovering energy from the brakes in urban railways,

optimization measures on train operation need to be focused

on, to increase the energy saving effect by improving the

utilization of regenerative energy and reducing the traction

energy consumption [15].

B. Load profile modelling

In order to determinate a power demand profile for the

traction power substations, a set of equations is derived from

basic physics equations. Consider a train which is moving at

speed vt like the one presented in fig: 2. By fundamental me-

chanical force laws, the main forces involved in the model are

the traction force, the rolling resistance, and the aerodynamic

drag. The following set of equations describes the main forces

respectively.

Ft = mt · at + Fr + Fw

Fr = αr ·mt · g cos(θ) + αr ·mt · g sin(θ)

Fw =
1

2
Cw ·A · ρ · v2t (1)

Where mt is the weight of the train, vt is the traveling

speed, αr is the friction factor, g is the gravitational constant,

Cw , A and ρ are drag coefficient, front area of the train and

air density, respectively. Normally, finding these parameters

can be difficult, and it will depends on the characteristics
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Fig. 2. Free body diagram of an urban railway.

of each train, the material of the wheels and rails, and the

air characterisation. One of the resistance components mainly

depends on the speed of the train, and, on the other hand,

the rolling resistance depends on the mass, gravity and the

gradient. Considering that the surface in the Netherlands

mostly flat, the rolling resistance could be approximated as a

constant. The sum of both resistance forces can be described

by the Davis equation, as a second order polynomial function

as the following expression:

Fr + Fw ≈ α · v2t + β · vt + γ

Lastly, considering the mechanical conversion efficiency as

ηm, the power demand of a train traveling at speed vt can be

describe by the following equation.

Pt = vt · Ft · ηm
Pt ≈ vt · (mt · dvt

dt
+ α · v2t + β · vt + γ) (2)

Where Pt is the traction power demanded, α, β and γ are

the coefficients used for characterize the resistance force for

the given train.

C. Auxiliary load

The auxiliary load takes around 20−30% of the total energy

consumption, which is divided into lightning, HVAC and

auxiliaries and control circuits like USB chargers and cabin

doors. In several traction modelling approaches, auxiliaries

are considered as a constant power load, which, can be an

accurate approximation for lights and controllers which are

rated at 10− 15% of the total auxiliary load, however, HVAC

are normally controlled by on-off logic, either hysteresis or

timers. The remaining 80 − 85% of the total power demand

can be described by a pulse train as it shown in the following

expression.

H(t) =

{
P̂HVAC if t ≤ DT, D ≤ 1 ∀t ∈ [0, T ]

0 otherwise

This equation serves as an ideal representation, however

since it non-linear and non-differentiable nature in a con-

tinuous domain. It derivative can be expressed as a train of

impulses or Dirac deltas, nevertheless, an analytical approxi-

mation is presented in Eq. 3.

H(t) ≈ 1

1 + e−kt
(3)

dH(t)

dt
≈ kekt

(ekt + 1)2
(4)

D. Catenary modeling

As mentioned earlier, the rolling stock can be modeled as

a load that is moving along the catenary. The position of the

train will also impact the variation on the equivalent resistance

between the TPS and the train, given by the characteristic

impedance of the catenary and the distance between them.

The impedance per kilometer of the catenary and the third rail

are known parameters. Furthermore, since the DC character-

istic predominates in the system, capacitance and inductance

properties of the lines can be neglected, although, in transient

analysis may be necessary. Based on the next set of equations,

the model describes the catenary equivalent resistance from

each substation i,j connected to a train at certain distance at

a given moment.

xk(t) =

∫ t

t0

vk(t) dt+ xk0

Zii = Zl · |xk|+ Zif

VLk
= Vi − Iii · Zii − Zif ·

n∑
k=i

Iik

VLk
= Vj − Iji · Zji − Zjf ·

n∑
k=j

Ijk (5)

Where xk is the train position, xk0
is the initial position

of a train respect to the substation i, Zii is the equivalent

impedance from the substation i to the train position within

the catenary i, Zl is the characteristic impedance of the line

in Ω/km, and Iii is the current flowing from the substation i
toward the catenary branch i.

E. Substation demand profile

The power substation can be modeled as a DC voltage

source connected in series with a diode and a feeder cable.

The DC voltage and the feeder resistance can be calculated

by Thévenin equivalence. The connection between the feeder

cable and each one of the catenary is through a switch per

pole for protection, modeled as part of the resistance of the

feeder cable.

Given the speed of the train, the power required for the

mechanical force can be calculated. An equivalent circuit is

presented in Fig. 1.
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Fig. 3. Power consumption profile for Almelo, June 2023.

PLi = Pti + Pauxi

ILi =
PLi

VLi

Vi − Zii · Iii = VLi

Vj − Zji · Iji = VLi

Iji = Iii ·
Zii

Zji

if Vi = Vj

Iji =
Iii · Zii −ΔVi−j

Zji

if Vi �= Vj (6)

Where ILi is the current in the pantograph, ΔVi−j is the

difference of voltage between substation i and j, PLi
is the

DC power of the train connected to the catenary i, Pti and

Pauxi
are the traction and auxiliary power demand for that

specific train. Note that if the system is perfected balanced, the

equation dictates that the power split among both substations

only depends on the distance ratio between them. The previous

set of equations characterize the power demand profile for a

particular substation. Simulation results for Almelo, Overijs-

sel, in June 2023 are presented in Fig. 3. It is noticeable, that

in order to evaluate a specific power substation within the

railway power system, each one of the segments fed by the

substations has to be properly identified and merged with the

Zif Zjf

Zii Zji

PL

iL

VL

Vi Vjvt

Iii Iji

Fig. 4. Equivalent power circuit for a bilateral power system model.

information from the timetable. For each trip, a random speed

profile is generated based on 3 states, acceleration, cruise,

and braking periods. Efficient driving strategies like coasting

are not considered. Depending on the distance between the

departure and arrival points, and the constraints given by

the train characterization, the acceleration/braking slope can

be calculated, thus, the speed profile for the specific trip

is obtained, therefore, the DC power demand of the train.

Note that each trip can have several stops before arriving to

destination, where the power consumption of the train will

be only given by the auxiliary load, since is stopped in the

station. Finally, the power demanded from a substation i can

be calculated as eq. 7.

PSSi
=

n∑
k

Vi · Iik (7)

III. DISCUSSION AND RESULTS

A. Parameter sensitivity

In order to evaluate the effect of the parameters from eq. 2,

the expression is derived as following.

∂PL

∂t
≈ 3α · v2t · at + 2β · vt · at + γ · at +mt(a

2
t + vt · ∂at

∂t
)

∂PL

∂mt
→ vt · at + vt(

∂γ

∂mt
+

∂β

∂mt
)

∂PL

∂α
→ v3t ·

∂α

∂vt
∂PL

∂β
→ v2t ·

∂β

∂vt
∂PL

∂γ
→ vt (8)

The variation of the parameters α and β are correlated

with the aerodynamic drag force of the environment and the

air characterization. On the other hand, γ is related to the

mechanical friction between rails and wheels. Normally, these

parameters don’t vary significantly, however, when the air

sharply changes its behaviour, for instance, passing from an

open area into a tunnel, it will generate a significant variation
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Fig. 5. Power estimation and MAPE for a single trip, considering Δm = 5%, 9%, 13%, 17%.

in the power demand. These effects become more noticeable

when the vehicle is accelerating. The friction coefficient,

on the other hand, is not related to neither the speed nor

the acceleration, nevertheless, if the inclination is took into

consideration, it can vary as well. Regarding the mass, despite

it remains constant while the train is moving, it can be

modified at each station. Assuming an average weight of 75

kg per person, and a total capacity of 250 passengers, the total

mass of the system fluctuates between 5-17% with respect to

the rated mass of the train, which is approximately 130 ton.

For different scenarios, the model has a MAPE of about 2-

3% and 1-2% at full and half capacity respectively. For the

power demand profile, a simulation based on a specific section

located between Wierden, Rijssen, Nijverdal and Almelo was

done, considering Wierden as the principal node. In Fig. 6, a

comparison between different assumptions for HVAC systems

is presented, showing a variance up to 6% over the peak power

values and about 5% over the average power consumption.

B. Recoverable energy

Around 20 − 30% of energy is potentially recoverable,

nonetheless, for different scenarios regarding HVAC and over-

voltage scheme at the catenary level also has an effect over

Fig. 6. Mean/Peak power comparison between different HVAC considera-
tions.

power estimations, leading to different results. In this case, a

chopper resistor is modeled for the over-voltage protection

which is engaged when the voltage is over an specified

threshold for each type of train. The recoverable energy can

be obtained from the following power equivalence while the

train is braking.

0 ≤ PREC =

{
(PL − PHVAC) if VL ≤ VTHD

PL − PHVAC − PBR otherwise

Where PBR is the power through the chopper resistor. The

results of the distribution of the recoverable energy for two

different scenarios is presented in Fig. 7 with the outcome of

the timed HVAC modeling on the left, and that of an average

HVAC load profile assumption on the right. Recoverable

energy varies about 1-2% when the utilization of the HVAC is

more often, and up to 5.6% when the temperature increases,

while the brake losses are kept as around the same percentage

in both cases.

IV. CONCLUSION

This paper addressed a sensitivity analysis for a DC traction

power substation. The possible variations and assumptions in

the traction parameters of the Davis equation has no significant

effect over the power demand as the error in the energy

modeling remains low (about 1-2% per trip). However, the

effect of proper HVAC modeling over the energy demand has

a notable impact. Two approaches for modeling HVAC system

were presented, one with the actual on-max/off behavior of the

system and the other with an average power profile. The results

showed a difference in peak/average power consumption about

5% and between 2-6% in the recoverable energy calculations.

These numbers could have a significant consequence on the

design of the power converters and sizing of the distributed

generation in the DC energy hub around a traction substation.

Further works are encouraged on the topic of distributed

generation modeling and the detailed modeling of the traction

substation and its voltage and power profiles.
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Fig. 7. Energy percentage usage from the total kinetic energy.
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