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a b s t r a c t 

We present an operational-driven optimal-design framework of a Hyperloop system. The novelty of the proposed 

framework is in the problem formulation that links the operation of a network of Hyperloop capsules, the model 

of the Hyperloop infrastructure, and the model of the capsule’s propulsion and kinematics. The objective of the 

optimisation is to minimize the energy consumption of the whole Hyperloop system for different operational 

strategies. By considering a network of energy-autonomous capsules and various depressurization control strate- 

gies of the Hyperloop infrastructure, the constraints of the optimisation problem represent the capsule’s battery 

energy storage system response, the capsule’s propulsion system and its kinematic model linked with the model of 

the depressurization system of the Hyperloop infrastructure. Depending on the operational scheme and lengths of 

the trajectories, the proposed framework determines optimal operating pressures of the Hyperloop infrastructure 

between 1 . 5 − 80 𝑚𝑏𝑎𝑟 along with the maximum capsules cruising speeds. Furthermore, the proposed framework 

determines maximum operational power of the capsule’s propulsion system in the range between 1 . 7 − 5 𝑀𝑊 

with a minimum energy need of 25 𝑊 ℎ ∕ 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ∕ 𝑘𝑚 . 
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. Introduction 

The Hyperloop transportation system comprises a set of capsules

raveling at (almost) sonic speed in a constrained space characterized

y a low-pressure environment (i.e., a tube) housing a dedicated set of

ails that enable the capsules’ guidance, levitation and/or suspension.

he Hyperloop is characterised by higher speeds, compared to existing

round transportation systems and, due to the large reduction of the

rag aerodynamic losses, can require lower energy needs with respect

o electric trains and intra-continental aircrafts. Since 2015, when the

esearch activity on the Hyperloop system was relaunched, very few pa-

ers have addressed the problem of the optimal design of this very pecu-

iar transportation system. The very first technical question was whether

he Hyperloop capsules can be designed to be energy-autonomous in or-

er to avoid the electrification of the rail with the obvious consequences

n the simplification of the tube design and cost. In [1] , the actual au-

hors reply to this question by proposing an optimisation framework

apable of designing the propulsion system (PS) of a Hyperloop capsule

hat is supplied by a battery energy storage system (BESS). The approach

roposed in [1] did not take into consideration, however, the energy

eeds of the tube (i.e., associated with its depressurization) or the im-

act of the Hyperloop tube operation on the total energy consumption

nd the associated capsule PS design. Indeed, in order to minimise the

verall energy needs of both the capsules’ PS and tube depressurization,
☆ This paper has not been submitted elsewhere. 
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he operation of the Hyperloop infrastructure (i.e., the tube operational

ressure, the interval between subsequent depressurization processes,

s well as the number of capsules occupying the tube per day) could be

oupled with the capsule’s PS optimal design. Furthermore, the opera-

ion of the infrastructure and the capsules’ PS design could change as a

unction of the length of the tube, and determining whether this is the

ase is a technical question that deserves to be addressed. 

Therefore, there are four fundamental questions that need to be ad-

ressed. (i) What is the optimal operating pressure inside a Hyperloop

ube in order to minimize its global energy consumption ? (ii) What is

he achievable minimal energy consumption of a Hyperloop system ?

iii) Is there a strong dependency between the infrastructure operation

nd capsule’s PS design ? (iv) Which is the impact of the magnetic levi-

ation on the energy consumption of the capsule? 

Although the existing literature has not yet produced specific contri-

utions to address these questions, it has produced a number of publica-

ions that addressed similar problems. Indeed, it is worth observing that

he design of a Hyperloop system presents similarities to an inverted Ma-

lev train (the rail of the Maglev is the main source of power generating

he capsule thrust). In [2 , 3] and [4] , other researchers have shown how

he main characteristic of Maglev levitation and guidance systems can

e determined by solving a suitable optimization problem. In [4] and in

5] , Cassat and Jufer studied how the propulsion and energy transfer to

n in-motion vehicle can be jointly modeled in order to be suitably op-
le, 1015 Lausanne, Switzerland. 
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Fig. 1. Schematic view of the Hyperloop infrastructure’s depressurization system. 
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imised. The operational performance and safety standards for Maglev

ystem have been further studied in [6] by Cassat and Jufer. 

Publications addressing the problem of the design of wireless energy-

ransfer systems into in-motion vehicles are also worth mentioning: in

7] by other researchers, this type of systems is studied for vehicles that

ost a BESS and travelling at atmospheric pressure. An economic viabil-

ty and environmental study about wireless power transfer is presented

n [8] by Limb. 

In [9] , He proposed a multiobjective co-optimization problem for a

ehicle with a hybrid power supply with the main purpose of improving

he energy efficiency of the vehicle propulsion system along with it ride

omfort. As a result, a Pareto front is obtained to analyse the best com-

romise solutions between the power consumption and ride comfort. 

A hybrid power supply system of an electric train is discussed in

10] by other researchers, where the BESS has the role of a dedicated

nergy buffer for transfering power between the kinematic energy stored

n the train and its regenerative braking system. The model also contains

 dissipative braking system due to the limited energy capacity of the on-

oard BESS. The proposed design determines the best trade-off between

he optimal BESS capacity, energy-saving rate, volume of the system,

apital cost, maximum power and mass of the train. 

Note that none of the aforementioned manuscripts presents a com-

lete framework that can be used to address the Hyperloop-specific

uestions listed above. In this respect, our original contribution in this

aper is to fill this gap by proposing a non-convex and non-linear opti-

ization framework. The multi-objective function of the proposed op-

imization targets the minimization of the total energy consumption of

he Hyperloop system (composed by the capsules’ and tube’s depres-

urization energy needs), which is subject to a comprehensive set of

onstraints modeling in detail the Hyperloop capsule’s kinematic, and

ts PS, the tube depressurization process, leaks compensation, and the

peration of the Hyperloop system. 

The structure of the paper is the following: In Section II, we illustrate

he model of the Hyperloop infrastructure where the energy consump-

ion of the vacuum pumps (both for the initial depressurization process

nd air leaks compensation) is taken into account with the model of the

nergy consumption of a network of capsules travelling on a trajectory

f generic length. We also represent the operation of the whole infras-

ructure. In the Section III, we propose the optimization framework tar-

eting the minimization of the global energy need of the Hyperloop sys-

em subject to the capsule’s infrastructure and operational constraints

llustrated in Section II. In Section IV, we present a numerical example

sed to obtain the results discussed in Section V. We complete this last

ections with a comprehensive analysis related to the average energy

onsumption (Wh/passenger/km). In Section VI, we conclude the paper

ith a summary of the findings. 

. Hypotheses and models 

.1. Model of the hyperloop infrastructure 

In order to model the operation of the Hyperloop system, we repre-

ent two processes: (i) the depressurization that refers to the decrease
2 
f the pressure inside the Hyperloop tube from the atmospheric pres-

ure, 𝑝 0 , to the desired one, 𝑝 𝑡𝑢𝑏𝑒 ( < 𝑝 0 ) , and (ii) the compensation of the

ir leaks in order to maintain the pressure 𝑝 𝑡𝑢𝑏𝑒 as the material used to

anufacture the tube is assumed to not be perfectly airtight. The depres-

urization and leak compensation processes are considered independent

see Section II.C for further details). 

The system is supposed to have available a total number of vacuum

umps, say 𝑞 ′, between Stations A and B of the Hyperloop tube. All the

 

′ pumps are used for the depressurization process and a subset of them,

ay 𝑞 ′′, is used to compensate the air leaks. in view of the different air

olumes that these pumps have to process, the need for 𝑞 ′′ ≤ 𝑞 ′ is obvi-

us. Fig. 1 provides a schematic view associated with the assumptions

eported above. 

As shown in Fig. 2 , the parameters of the tube geometry are as fol-

ows: 𝐿 is the length of the Hyperloop tube, 𝜆 represents the thickness of

he tube, 𝑑 𝑖𝑛 corresponds to the inner diameter of the tube, and 𝑑 𝑜𝑢𝑡 rep-

esents the outer diameter of the tube, with 𝑑 𝑜𝑢𝑡 = 2 ⋅ 𝜆 + 𝑑 𝑖𝑛 . The inner

ross section of the tube is simply 𝑆 𝑡𝑢𝑏𝑒 = 𝜋( 𝑑 𝑖𝑛 2 ) 
2 . 

The 𝑞 ′ pumps are expected to operate periodically when the Hyper-

oop tube needs to be completely depressurized, starting from the at-

ospheric pressure 𝑝 0 . This period of time is named 𝑇 𝑑𝑒𝑝𝑟 . Assuming

he depressurization process to be an adiabatic thermodynamic trans-

ormation, we can easily compute the time necessary, 𝜏𝑑 , to bring the

yperloop tube pressure from its initial value, 𝑝 0 , to the final one, 𝑝 𝑡𝑢𝑏𝑒 
hown by other researchers in [11–13] . This computation is expressed

y (1) where 𝜔 

𝑝𝑢𝑚𝑝 represents the pumped-air volume flow expressed in

 

𝑚 3 

ℎ 
] , usually a known quantity from the pump’s manufacturer expressed

s a function of the pressure. 

𝑑 = 

𝜋 ⋅ ( 𝑑 𝑖𝑛 2 ) 
2 ⋅ 𝐿 

𝑞 ′ ⋅ 𝜔 

𝑝𝑢𝑚𝑝 ( 𝑝 𝑡𝑢𝑏𝑒 ) 
⋅ ln ( 

𝑝 0 
𝑝 𝑡𝑢𝑏𝑒 

) (1)

Equation (2) quantifies the energy needed for the depressurization

f the Hyperloop tube between subsequent maintenance periods, where

 𝑝𝑢𝑚𝑝 represents the power of a single vacuum pump (during the opera-

ions, the pump’s power is constant). 

 𝑑𝑒𝑝𝑟 = 𝑞 ′ ⋅ 𝑃 𝑝𝑢𝑚𝑝 ⋅ 𝜏𝑑 (2)

By referring to a daily operation horizon (i.e., 24h) of the Hyperloop

ube, we assume the capsules to be launched within an operation period

amed 𝑇 𝑜𝑝 . Therefore, it is reasonable to impose the following inequality

𝑑 ≤ 24 ℎ𝑜𝑢𝑟𝑠 − 𝑇 𝑜𝑝 as we might want the initial depressurization process

o be finalised in a relatively short time and, then, to start the scheduled

peration. 

The next step is to determine a model of the Hyperloop air leaks. The

aterial used to build the Hyperloop tube should be characterized by

 known air permeability. In view of the evident impact that the tube

aterial has on the Hyperloop infrastructure cost, we consider the case

f concrete as strongly advocated in [14] by Heller and we assume its

ermeability to be isotropic. The use of concrete corresponds to a worst-

ase scenario regarding the influence of tube’s air leaks. On the contrary,

he use of steel tubes defines the situation where the corresponding air-

ermeability is close to zero. However, steel tubes presents the main

isadvantage represented by the associated cost of the infrastructure. In
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Fig. 2. Simplified geometry of the Hyperloop tube (side view). 
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𝑁  
iew of the above, here below we mainly refer to the case of concrete

ubes and the reader may refer to the sensitivity analysis regarding the

ir permeability of the tube’s material shown in Section V. 

The material and fluid parameters taken into account to estimate the

eaks are 𝑘 𝑝𝑒𝑟𝑚 , which represents the concrete’s air permeability, and 𝜇,

hich corresponds to the dynamic air viscosity. 

In order to compute the energy needed to compensate for the air

eaks, we need to express the air-leak volumetric flow rate, 𝜔 

𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 .

his quantity can be estimated using the Darcy’s law, assuming the com-

ressible characteristic and the radial bidirectional air flow. According

o [11–13] , the air leaks volumetric flow rate is given by (3) . 

 

𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 [ 𝑚 

3 

ℎ 
] = − 

3600 ⋅ 𝜋 ⋅ 𝑘 𝑝𝑒𝑟𝑚 ⋅ 𝐿 ⋅ ( 𝑝 2 
𝑡𝑢𝑏𝑒 

− 𝑝 2 0 ) 

𝜇 ⋅ ln (1 + 

𝜆

𝑑 𝑖𝑛 
) ⋅ 𝑝 𝑡𝑢𝑏𝑒 

(3)

To compensate for the air leaks, we need to activate 𝑞 ′′ pumps in

rder to satisfy the following inequality 𝜔 

𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 ≤ 𝑞 ′′ ⋅ 𝜔 

𝑝𝑢𝑚𝑝 . The daily

nergy needs to supply the 𝑞 ′′ pumps, 𝐸 𝑝𝑟 , is given by (4) , where 𝑡 𝑙𝑒𝑎𝑘𝑠 
epresents the time the air leakage is occurring. As we are modeling

he operation of the Hyperloop tube over a 24h horizon, 𝑡 𝑙𝑒𝑎𝑘𝑠 = 24 ℎ𝑜𝑢𝑟𝑠
ecause leaks are always present. 

 𝑝𝑟 [ 𝐽∕ 𝑑𝑎𝑦 ] = 𝑞 ′′ ⋅ 𝑃 𝑝𝑢𝑚𝑝 ⋅ 𝑡 𝑙𝑒𝑎𝑘𝑠 (4)

The energy required to operate the Hyperloop tube is expressed by

 𝑑𝑒𝑝𝑟 (needed between two subsequent complete depressurization pe-

iods) and 𝐸 𝑝𝑟 (daily need). These two quantities are used next within

 suitably defined optimization problem that enables us to asses the

ptimal parameters associated with the Hyperloop propulsion and the

ptimal parameters associated with the operation of the Hyperloop tube

long a given time horizon. 

.2. Model of the hyperloop capsule 

The operation of a Hyperloop system involves the launching of sev-

ral capsules travelling in series in the same tube. This operation is re-

uired as the number of passengers per capsule is limited to a few dozen.

ence, a set of travelling Hyperloop capsules in the above-mentioned
3 
ube is considered, where 𝑟 𝑐𝑎𝑝𝑠 represents the number of launched cap-

ules per unit of time. A detailed model of the capsule propulsion can

e found in [1] and the main equations can be found in this section, as

hey are used in the optimization problem proposed here. 

.2.1. Trajectory 
As shown in Fig. 3 , the total length of the trajectory, 𝐿 , is split into

 different zones: { 𝑀 1 , 𝑀 2 , … , 𝑀 𝑛 } each one corresponding to a given

tate of the capsule propulsion system: acceleration, constant speed, and

eceleration. In Fig. 3 , 𝑗 represents the generic position of a capsule

long the trajectory and 𝑖 the elapsed time relative to the generic discrete

osition 𝑗 with respect to the trajectory origin. The trajectory’s space

nterval [0 , 𝐿 ] is sampled at regular intervals Δ𝑗. Correspondingly, the

ime intervals Δ𝑖 for the capsule to travel each discrete space interval Δ𝑗,
an be simply computed from the following equation: Δ𝑗 = 𝑣 ( 𝑗 − 1)Δ𝑖 +
1 
2 𝑎 ( 𝑗)Δ𝑖 

2 (being 𝑣 and 𝑎 the capsule’s speed and acceleration) such that

he discrete positions are 𝑗 = 0 , 1 , … , 
𝐿 

Δ𝑗 . As the capsules can move only

orward, for each 𝑗, we can associate a corresponding unique discrete

ime index 𝑖 = 0 , … , 𝑡 𝐿 𝑘 
, … , 𝑡 𝐿 where 𝑡 𝐿 𝑘 = 

∑
𝐿 𝑘 

Δ𝑖 𝑘 . 

.2.2. The model of the capsule propulsion system 

the Hyperloop PS is assumed to be composed by three main compo-

ents: (i) an energy reservoir represented by a BESS, (ii) a DC/AC power

lectronic converter (usually a voltage source inverter (VSI)) and (iii) an

lectrical machine consisting of a linear induction motor (LIM) as stud-

ed by other researchers in [15–18] . a) Model of the BESS: the capsule’s

ource of power is supposed to be a BESS that is modeled at the cell

evel. As discussed in [19] by the actual Authors, due to the numerical

omplexity and large number of equations and corresponding state vari-

bles, we choose a simple equivalent circuit of a cell where the charge

iffusion dynamics are not taken into account as the obtained results are

ot affected by more sophisticated cell models [20] as shown by Einhorn

t al. 

Assuming the BESS to be composed by identical cells where 𝑁 𝑠 and

 𝑝 represent the number of cells in series and in parallel, respectively,
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Fig. 3. The generic trajectory of Hyperloop 

capsules. Adapted from [1] . 
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𝑉 𝑐𝑒𝑙𝑙 = 𝑉 𝑐𝑒𝑙𝑙 
𝑂𝐶𝑉 

( 𝑆𝑜𝐶 ) − 𝑅 𝑐𝑒𝑙𝑙 𝐼 𝑐𝑒𝑙𝑙 
𝑉 𝑏𝑎𝑡𝑡 
𝑂𝐶𝑉 

( 𝑆𝑜𝐶 ) = 𝑁 𝑠 𝑉 
𝑐𝑒𝑙𝑙 
𝑂𝐶𝑉 

( 𝑆𝑜𝐶) 
𝑅 𝑏𝑎𝑡𝑡 = 𝑅 𝑐𝑒𝑙𝑙 

𝑁 𝑠 

𝑁 𝑝 

𝐼 𝑏𝑎𝑡𝑡 = 𝐼 𝑐𝑒𝑙𝑙 𝑁 𝑝 

𝑆 𝑜𝐶 = 𝑆 𝑜𝐶(0) + ∫ 𝑡 𝐿 𝑥 
0 

𝐼 𝑏𝑎𝑡𝑡 

𝐶 𝑏𝑎𝑡𝑡 
𝑑𝑡 

𝑉 𝑏𝑎𝑡𝑡 = 𝑁 𝑠 𝑉 𝑐𝑒𝑙𝑙 
𝑃 𝑏𝑎𝑡𝑡 = 𝐼 𝑏𝑎𝑡𝑡 𝑉 𝑏𝑎𝑡𝑡 

(5) 

here: 

• 𝑉 𝑐𝑒𝑙𝑙 
𝑂𝐶𝑉 

represents the open-circuit voltage of the cell, and it varies

with the state-of-charge ( 𝑆𝑜𝐶) (e.g. Dees in [21] ). 
• 𝐼 𝑐𝑒𝑙𝑙 represents the drawn current through a single cell. 
• 𝑅 𝑐𝑒𝑙𝑙 represents the equivalent series resistance of the cell. It embeds

the equivalent resistance of the cell’s terminals’ connections with the

next cell too. 𝑅 𝑐𝑒𝑙𝑙 is assumed to be known and constant (e.g., Zhao

in [22] ). 
• 𝑉 𝑐𝑒𝑙𝑙 corresponds to the voltage accessible in the correspondence of

the cell’s terminals; it is affected by the voltage drop produced by

the 𝑅 𝑐𝑒𝑙𝑙 . 
• 𝑉 𝑏𝑎𝑡𝑡 

𝑂𝐶𝑉 
is the open-circuit voltage, which is a function of the cells 𝑆𝑜𝐶.

• 𝑅 𝑏𝑎𝑡𝑡 embeds the all the cells’ and connectors’ resistances. 
• 𝐶 𝑏𝑎𝑡𝑡 represents the capacitance of the BESS. 
• 𝐼 𝑏𝑎𝑡𝑡 is the total current provided (or absorbed) by the BESS. 
• 𝑉 𝑏𝑎𝑡𝑡 and 𝑃 𝑏𝑎𝑡𝑡 are the accessible voltage and power at the BESS ter-

minals. 

The function 𝑉 𝑏𝑎𝑡𝑡 
𝑂𝐶𝑉 

( 𝑆𝑜𝐶) is available from the cell’s manufacturer. b)

ropulsion: acceleration and speed profiles are dependent on the trac-

ion force, where the most important parameters are: 

• 𝑃 

𝑃𝑆 𝑤𝑒𝑖𝑔ℎ𝑡 
which represents the ratio between the available propulsion

power per unit mass. 
• 𝑉 max 

𝐷𝐶 
which represents the maximum allowable DC voltage of the

VSI. 

.2.3. Capsule kinematic model 
the mass of the mechanics and payload, 𝑚 0 , BESS, 𝑚 𝐵𝐸𝑆𝑆 , and PS

epresented by the VSI and LIM, 𝑚 𝑃𝑆 , compose the total mass of one

apsule, 𝑚 = 𝑚 + 𝑚 + 𝑚 . 
0 𝐵𝐸𝑆𝑆 𝑃𝑆 

4 
The LIM and VSI are characterized by a given weight-per-unit power

ensity 𝑘 1 = 

𝑚 𝐿𝐼𝑀 

𝑃 𝐿𝐼𝑀 

and 𝑘 2 = 

𝑚 𝑉 𝑆𝐼 

𝑃 𝑉 𝑆𝐼 
, respectively. Thus, the final expres-

ion of total mass is given by (6) , where 𝑚 0 is constant and considered

 passive mass, 𝑚 𝑐𝑒𝑙𝑙 is the associated cell’s mass embedding the unitary

ass plus cells’ wiring, 𝜂𝑡𝑟 represents the supplementary power transfer

fficiency from BESS to LIM (i.e., the efficiency of the power electronics

onverter), 𝑐𝑜𝑠 ( 𝜙) is the power factor of the VSI and 𝑃 𝑚𝑎𝑥𝐶𝑒𝑙𝑙 the maxi-

um power provided by a cell. Naturally, we have that 𝑚 ∼ 𝑁 𝑠 𝑁 𝑝 who

re two of the main control variables for the design of the capsule’s

S. In order to keep the proposed optimisation problem tractable, these

fficiencies and VSI power factor are assumed constant. 

 = 𝑚 0 + 𝑁 𝑠 𝑁 𝑝 𝑚 𝑐𝑒𝑙𝑙 + 

1 
𝜂𝑡𝑟 

𝑃 𝑚𝑎𝑥𝐶𝑒𝑙𝑙 𝑁 𝑠 𝑁 𝑝 𝑘 1 + 

1 
𝜂𝑡𝑟 𝑐𝑜𝑠 ( 𝜙) 

𝑃 𝑚𝑎𝑥𝐶𝑒𝑙𝑙 𝑁 𝑠 𝑁 𝑝 𝑘 2 (6)

The kinematic model of the capsule is represented by the accelera-

ion, 𝑎 , and the speed, 𝑣 , both sampled at every Δ𝑗 (or Δ𝑖 since these

wo indexes have a unique 1:1 correspondence). The trajectory length

s 𝐿 divided into three main zones: acceleration, constant speed, and

raking zones; with a total number of discrete points [ 𝐿 Δ𝑗 ], considering

𝑗 ≪ 𝐿 . 

The capsule is subjected to two main forces: the traction provided

y the propulsion, and the drag force. The latter is given by (7) , where

is the fluid density, 𝐶 𝑑 represents the capsule’s drag coefficient, and

is the cross section capsule’s surface. 𝐶 𝑑 is function of 𝑣 , as discussed

n [23] by Kang et al. 

The traction force and mechanical traction power, 𝐹 𝑡𝑟 and 𝑃 𝑡𝑟 , re-

pectively, are given in (8) by using a mono-dimensional Newtonian

inematic model of the capsule. 

 𝑑𝑟 ( 𝑗 ) = 

1 
2 
𝑆𝐶 𝑑 ( 𝑣 ) 𝜌𝑣 ( 𝑗 ) 2 (7)

 

𝐹 𝑡𝑟 ( 𝑗) = 𝑚𝑎 ( 𝑗) + 𝐹 𝑑𝑟 ( 𝑗) 

𝑃 𝑡𝑟 ( 𝑗) = ( 𝑚𝑎 ( 𝑗) + 𝐹 𝑑𝑟 ( 𝑗)) ⋅ 𝑣 ( 𝑗) 
(8) 

The levitation drag of the capsule may be considered to be null due

o a potential usage of a suspended capsule solution as mentioned in
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Fig. 4. Operational scheme for the Hyperloop infrastructure. 
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24] . In practice, a drag-less magnetic levitation can be realized by us-

ng in the capsule’s propulsion system a Single Sided Linear Induction

otor (SSLIM). Indeed, a SSLIM may provide the necessary thrust and

evitation force with no magnetic drag. Nevertheless, the presence of

 magnetic levitation system is analyzed in the section V in order to

uantify the effects of the magnetic levitation drag on the power/energy

equirements of the capsule propulsion system (see the sub-section V.F).

Through the reduction of the pressure inside of depressurized tubes,

he Hyperloop system reduces the density of the tube’s fluid. The ex-

ression of 𝜌 given by (9) assumes (i) the air to behave as an ideal gas,

here 𝜌0 represents the fluid density at standard atmospheric condi-

ions ( 𝜌0 = 1 . 225 𝑘𝑔 
𝑚 3 

for 𝑝 0 = 1 . 013 𝐵𝑎𝑟 , and 𝑇 = 288 . 15 𝐾) and (ii) the op-

rating temperature of the depressurized Hyperloop tube to be equal to

 = 288 . 15 𝐾. 

= 

𝑝 𝑡𝑢𝑏𝑒 

𝑝 0 
⋅ 𝜌0 (9)

The electrical power provided by the BESS, 𝑃 𝑏𝑎𝑡𝑡 , is directly related

ith 𝑃 𝑡𝑟 through the efficiency of the LIM, 𝜂𝐿𝐼𝑀 

, as in (10) . 

 𝑏𝑎𝑡𝑡 ( 𝑗 ) = 

𝑃 𝑡𝑟 ( 𝑗 ) 
𝜂𝐿𝐼𝑀 

(10)

The total energy consumption for one capsule, 𝐸 𝑐 , is calculated in

11) . 

 𝑐 = ∫
𝑡 𝐿 

0 
𝑃 𝑏𝑎𝑡𝑡 𝑑𝑡 (11)

Assuming a set of capsules traveling in the same tube and launched

ithin a given period of time, we can define 𝑟 𝑐𝑎𝑝𝑠 as the number of

aunched capsules in one day during the 𝑇 𝑜𝑝 . The total energy consump-

ion per day of these capsules is simply 𝐸 𝑐𝑎𝑝𝑠 = 𝑟 𝑐𝑎𝑝𝑠 ⋅ 𝐸 𝑐 . 

.3. Accounting for the kantrowitz limit to determine the upper-bound of 
apsules’ speed 

The study of a high speed capsule in a confined environment (i.e.,

unnel or tube) implies compressibility effects. As capsules travel at high

peed through a tube, they can choke the flow of the fluid in the area

etween the capsules’ cross section, 𝑆, and the tube’s cross section, 𝑆 𝑡𝑢𝑏𝑒 .

he assessment of the choke flow regime plays a major role in the de-
5 
ermination of the maximum speed of the capsules, 𝑣 max , which is a

undamental constraint of the capsule kinematic model. 

By making reference to the speed of sound, 𝑣 𝑠𝑜𝑢𝑛𝑑 , in the air for

 given temperature, 𝑇 , we make use of the standard definition of

he Mach number 𝑀 ∞ = 

𝑣 max 
𝑣 𝑠𝑜𝑢𝑛𝑑 

. Furthermore, we introduce the quantity

 𝑟𝑎𝑡𝑖𝑜 = 

𝑆 

𝑆 𝑡𝑢𝑏𝑒 
. 

We assume that the flow of the fluid around the capsule obeys the

onventional isoentropic gas equations. With this assumption, the lim-

tation of the maximum capsule’s speed results from the Mach number

 𝑙𝑖𝑚 = 1 of the fluid flow around the capsule, which represents the max-

mum value of the Mach number before the choke flow. Equation (12) al-

ows to compute 𝑆 𝑟𝑎𝑡𝑖𝑜 as a function of 𝑀 ∞, 𝛾 = 

𝑐 𝑝 

𝑐 𝑣 
is the isoentropic ex-

ansion factor of the gas in the tube environment and 𝑐 𝑝 and 𝑐 𝑣 represent

he specific heats of the gas at constant pressure and volume. Therefore,

12) allows to link the cross-sectional dimensions of the tube/capsule

ith the maximum speed of the capsules to avoid the choke-flow regime

o take place. 

 𝑟𝑎𝑡𝑖𝑜 = 1 − 

1 
𝑀 𝑙𝑖𝑚 

[ 2 
𝛾+1 (1 + 

𝛾−1 
2 𝑀 𝑙𝑖𝑚 )] 

𝛾+1 
2( 𝛾−1) 

1 
𝑀 ∞

[ 2 
𝛾+1 (1 + 

𝛾−1 
2 𝑀 ∞)] 

𝛾+1 
2( 𝛾−1) 

(12)

It is worth observing that the detrimental effects of pressure waves

enerated by a supersonic fluid between the capsules and the tube

an be neglected since the maximum speed of the capsule enforced by

12) avoids the choke-flow regime to take place. This analysis has been

hown by Kang and Ham in Fig. 7 and Fig. 8 of reference [23] . 

.4. Hyperloop infrastructure operation 

The energy needs of the whole Hyperloop system is given by adding

i) the energy associated to the initial depressurization of the tube from

 0 to 𝑝 𝑡𝑢𝑏𝑒 , (ii) the energy needed to compensate the air leaks (i.e., to

aintain 𝑝 𝑡𝑢𝑏𝑒 inside the tube), and (iii) the energy used by the capsules’

Ss. 

As we are interested in defining the operational parameters of the

yperloop infrastructure (essentially 𝑝 𝑡𝑢𝑏𝑒 ) and the characteristics of its

S, which that minimize the whole Hyperloop energy consumption, we
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eed to define the ways to operate the infrastructure with respect to

he vacuum pumps. We can identify two main ways to operate the in-

rastructure: (i) At the end of the daily operations, the 𝑞 ′ pumps are

hut down; hence, a new stage of tube depressurization to achieve 𝑝 𝑡𝑢𝑏𝑒 
s needed. (ii) The 𝑞 ′′ pumps continue to maintain the 𝑝 𝑡𝑢𝑏𝑒 inside the

ube independently of the operations. This option represents a relatively

ore advantageous solution with respect to the objective of minimizing

he total energy consumption. Therefore, the nominal operation process

nvolves an initial depressurization stage from 𝑝 0 to 𝑝 𝑡𝑢𝑏𝑒 including 𝑞 ′

acuum pumps, maintaining of the nominal pressure (parasitic air leak-

ge in the tubes) at the level of 𝑝 𝑡𝑢𝑏𝑒 and 𝑟 𝑐𝑎𝑝𝑠 traveling per one direction

er day during the 𝑇 𝑜𝑝 . 𝐸 𝑝𝑟 is independent of 𝑇 𝑜𝑝 as the air leakage always

ccurs when 𝑝 𝑡𝑢𝑏𝑒 ≠ 𝑝 0 . The entire operations process of the Hyperloop

ystem is periodical with the period 𝑇 𝑑𝑒𝑝𝑟 , as shown by the operations’

iagram of Fig. 4 . 

. Formulation of the optimization problem 

Given the model of the Hyperloop infrastructure, capsules and oper-

tions, we formulate operational-driven optimal-design problem of the

yperloop system, as in (13) . The objective function is to minimize total

nergy requirement of the whole Hyperloop system. This is expressed by

he objective 𝐸 𝑑𝑒𝑝𝑟 + 𝑇 𝑑𝑒𝑝𝑟 ( 𝐸 𝑝𝑟 + 𝐸 𝑐𝑎𝑝𝑠 ) , where: 

• 𝐸 𝑑𝑒𝑝𝑟 is the energy required by the 𝑞 ′ pumps to depressurize the

Hyperloop tube between subsequent maintenance periods 𝑇 𝑑𝑒𝑝𝑟 (ex-

pressed in days); 
• 𝐸 𝑝𝑟 is the daily energy need of the 𝑞 ′′ Hyperloop tube pumps com-

pensating for the air leaks; 
• 𝐸 𝑐𝑎𝑝𝑠 is daily energy need of the Hyperloop capsules. 

The decision variables of the problem are: 

• 𝑁 𝑠 : number of cells in series in the capsule’s BESS; 
• 𝑁 𝑝 : number of cells in parallel in the capsule’s BESS; 
• 𝑎 : capsule acceleration along the trajectory; 
• 𝑝 𝑡𝑢𝑏𝑒 : pressure inside the Hyperloop tube; 
• 𝑞 ′: number of pumps of know rated power to depressurize the hy-

perloop tube; 
• 𝑞 ′′: number of pumps of known rated power to compensate for the

air leaks in the Hyperloop tube. 

min 
 𝑠 ,𝑁 𝑝 ,𝑎,𝑞 

’ ,𝑞 ’ ’ ,𝑝 tube 

𝐸 depr + 𝑇 depr 
(
𝐸 pr + 𝐸 caps 

)
ubject to 𝑗 = 0 , 1 , 2 , … , 

𝐿 𝑥 

Δ𝑗 
− 1 

𝑣 ( 𝑗 ) ≤ 𝑣 max 

𝑎 mi 𝑛 𝑀 1 
≤ 𝑎 ( 𝑗 ) ≤ 𝑎 ma 𝑥 𝑀 1 

, ∀𝑗 = 0 , 1 , 2 , … , 
𝐿 1 
Δ𝑗 

− 1 

…

𝑎 mi 𝑛 𝑀 𝑥 
≤ 𝑎 ( 𝑗 ) ≤ 𝑎 ma 𝑥 𝑀 𝑥 

, ∀𝑗 = 

𝐿 𝑥 −1 
Δ𝑗 

, … , 
𝐿 𝑥 

Δ𝑗 
− 1 

𝑡 𝐿 𝑥 
≤ 𝑇 ma 𝑥 𝑥 

So 𝐶 min ≤ SoC ≤ So 𝐶 max 

𝑁 𝑆 min 
≤ 𝑁 𝑆 ≤ 𝑁 𝑆 max 

max 
(
𝐼 cell 

) ≤ 𝐼 cell Max 

𝑉 cell OCV ( 0 ) = 𝑉 cell OCV |SoC = So 𝐶 max 

𝑉 batt 
OCV = 𝑉 cell OCV 𝑁 𝑆 

𝑅 batt = 𝑅 cell 
𝑁 𝑠 

𝑁 𝑝 

𝐼 batt = 𝐼 cell 𝑁 𝑝 

𝐶 batt = 𝑁 𝑝 𝐶 cell 

SoC = SoC ( 0 ) + 

𝑡 𝐿 𝑥 ∑
𝑖 =1 

𝐼 batt 

𝐶 batt 
Δ𝑖 
6 
Δ𝑖 = 

− 𝑣 ( 𝑗 − 1 ) + 

√
𝑣 2 ( 𝑗 − 1 ) + 2 𝑎 Δ𝑗 
𝑎 

𝑉 batt = 𝑁 𝑠 

(
𝑉 cell OCV − 𝑅 cell 𝐼 cell 

)
𝑃 batt = 𝐼 batt 𝑉 batt 

𝑘 1 = 

𝑚 LIM 

𝑃 LIM 

; 𝑘 2 = 

𝑚 VSI 

𝑃 VSI 

𝑚 = 𝑚 0 + 𝑁 𝑠 𝑁 𝑝 𝑚 cell + 

1 
𝜂tr 

𝑃 maxC ell 𝑁 𝑠 𝑁 𝑝 𝑘 1 

+ 

1 
𝜂tr cos ( 𝜙) 

𝑃 maxC ell 𝑁 𝑠 𝑁 𝑝 𝑘 2 

𝐶 𝑑 = 𝑓 ( 𝑣 ) 

𝜌 = 

𝑝 tube 

𝑝 0 
⋅ 𝜌0 

𝐹 dr ( 𝑗 ) = 

1 
2 
𝑆𝐶 𝑑 ( 𝑣 ) 𝜌𝑣 ( 𝑗 ) 2 

𝐹 tr ( 𝑗 ) = ma ( 𝑗 ) + 𝐹 dr ( 𝑗 ) 
𝑃 tr ( 𝑗 ) = 

(
ma ( 𝑗 ) + 𝐹 dr ( 𝑗 ) 

)
⋅ 𝑣 ( 𝑗 ) 

𝑃 tr ≤ 𝜂LIM 

𝑃 batt 

𝐸 𝑐 = 

𝑡 𝐿 ∑
0 
𝑃 batt Δ𝑖 

𝐸 caps = 𝑟 caps ⋅ 𝐸 𝑐 

𝑑 out = 2 ⋅ 𝜆 + 𝑑 in 

𝜔 

airl eaks = − 

3600 ⋅ 𝜋 ⋅ 𝑘 perm 

⋅ 𝐿 ⋅
(
𝑝 2 

tube 
− 𝑝 2 0 

)
𝜇 ⋅ ln 

(
1 + 

𝜆

𝑑 in 

)
⋅ 𝑝 tube 

𝜏𝑑 = 

𝜋 ⋅
(
𝑑 in 
2 

)2 
⋅ 𝐿 

𝑞 ’ ⋅ 𝜔 

pump 
⋅ ln 

( 

𝑝 0 
𝑝 tube 

) 

𝜏𝑑 ≤ 24 ℎ − 𝑇 op 

𝐸 depr = 𝑞 ’ ⋅ 𝑃 pump ⋅ 𝜏𝑑 

𝜔 

airl eaks ≤ 𝑞 ’ ’ ⋅ 𝜔 

pump 

𝐸 pr = 𝑞 ’ ’ ⋅ 𝑃 pump ⋅ 𝑡 leaks (13) 

It is worth observing that the single elements of the objective func-

ion have conflicting behaviours as 𝐸 𝑐𝑎𝑝𝑠 decreases with the decrease of

 𝑡𝑢𝑏𝑒 , whereas 𝐸 𝑑𝑒𝑝𝑟 and 𝐸 𝑝𝑟 increase. Therefore, the problem (13) de-

ermines the best the trade-off between the energy required by the de-

ressurization process and the losses due to the drag force of the energy-

utonomous capsules. As in [1] , in (13) we consider the constraints asso-

iated with the model of the capsule’s PS, in addition to the constraints

f the infrastructure model and its operation. 

The kinematic variables of the capsule are constrained as follows:

he maximum speed is limited by 𝑣 max , namely by the establishment of

he choke-flow regime in the air surrounding the travelling capsules and

he tube, the acceleration is limited to the value presented in [1] derived

rom civil air crafts, and the traveling time at the end of the constant

peed zone, 𝑖 = 𝑡 𝐿 𝑥 
( 𝑗 = 

𝐿 𝑥 

Δ𝑗 ), is limited to 𝑇 𝑚𝑎𝑥 𝑥 . 

Regarding the constraints of the capsule’s PS, the discharge rate of

he cells that compose the BESS have to be lower than the maximum

dmissible discharge rate of the selected cell’s type. 𝑉 𝑏𝑎𝑡𝑡 
𝑂𝐶𝑉 

is bounded

ith respect to the railway electrification system standard through the

ontrol variable 𝑁 𝑆 multiplied by the maximum 𝑉 𝑐𝑒𝑙𝑙 
𝑂𝐶𝑉 

. As this latter pa-

ameter is known once the cell technology is selected, we simply require

hat 𝑁 𝑆 min 
≤ 𝑁 𝑆 ≤ 𝑁 𝑆 max 

. Finally, the BESS 𝑆𝑜𝐶 should be in the range

etween 𝑆𝑜𝐶 min and 𝑆𝑜𝐶 max . The minimum value of the 𝑆𝑜𝐶 can be

ound at position 𝑗 = 

𝐿 𝑥 

Δ𝑗 , which represents the end of the constant speed

one. After this point, the capsules enter the deceleration zone where a

art of the braking is ensured by a regenerative one [25] - [26] , but lim-

ted by the maximum charging rate of the considered cell, 𝐼 𝑐𝑒𝑙 𝑙 𝑀𝑎𝑥 𝑐ℎ𝑎𝑟𝑔𝑒 
.

he regenerative braking zone is not taken into account in (13) , as it is
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 consequence of acceleration and constant speed zones. The 𝑆𝑜𝐶 at the

nd of the trajectory, 𝑆𝑜𝐶 𝑓𝑖𝑛𝑎𝑙 when 𝑗 = 

𝐿 

Δ𝑗 , it is in any case computed.

For the infrastructure, the volume flow of the 𝑞 ′′ pumps should com-

ensate at least the 𝜔 

𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 , and the time to depressurize the tube from

 0 to 𝑝 𝑡𝑢𝑏𝑒 , 𝜏𝑑 , is constrained to be less than 24 ℎ − 𝑇 𝑜𝑝 . 

As discussed in [1] , the optimisation problem is non-convex and it

as been solved using a gradient-based method [27] - [28] . The presence

f mixed integer decision variables 𝑁 𝑠 , 𝑁 𝑝 , 𝑞 
′ and 𝑞 ′′ was solved by treat-

ng these as continuous variables that, once determined, are rounded to

he nearest integer. The problem (13) can be solved by different numer-

cal solvers. We opted to use Yalmip coupled with the 𝑓𝑚𝑖𝑛𝑐𝑜𝑛 solver in

atlab. The initialization of the solver is performed by fixing the initial

alues of the decision variables (see section IV.A). Then, for all solu-

ions of (13) obtained in correspondence of each of the initialisation of

he decision variables, we retain only the one with the least objective

alue. 

. Numerical assumptions 

In this section, we provide the numerical assumptions used to solve

he problem (13) . 

.1. Infrastructure assumptions 

The diameter of the tube is selected based on the values the values

eported in [29] , [30] . Therefore, we assume for the simulations 𝑑 𝑖𝑛 =
 𝑚 . 

For the thickness of the tube, the lower bound is given by rein-

orced concrete adopted by the tunnelling industry: 𝜆 = 25 𝑐𝑚 (e.g., as

sed for the Lötschberg tunnel in Switzerland and mentioned in [31] ).

he average value for the permeability of the reinforced concrete is

 𝑝𝑒𝑟𝑚 = 5 ⋅ 10 −18 𝑚 

2 as reported in [32–34] . 

Regarding the other physical quantities associated with the infras-

ructure, 𝑝 0 = 1 𝑏𝑎𝑟 is the standard atmospheric pressure and, for the

ynamic air viscosity, we assumed 𝜇 = 1 . 85 ⋅ 10 −5 𝑃 𝑎 ⋅ 𝑠 (at 298.15 K).

he rated power of the vacuum pumps and the associated characteris-

ics are taken from real data: We refer to the Dessin Cobra NC 2500 B

or which 𝑃 𝑝𝑢𝑚𝑝 = 55 𝑘𝑊 and the characteristic 𝜔 

𝑝𝑢𝑚𝑝 = 𝑓 ( 𝑝 𝑡𝑢𝑏𝑒 ) are both

ocumented in [35] . 

Finally, 𝐿 represents the length of the tube (or trajectory) for which

e have considered the following three values: 𝐿 = 226 𝑘𝑚 , 𝐿 = 500 𝑘𝑚
nd 𝐿 = 1000 𝑘𝑚 as they are associated to typical distances of intra-

ontinental flights. 

.2. Capsule assumptions 

Most of the numerical assumptions for capsules are those made in

1] . 

.2.1. Assumptions on the capsule trajectory 
as we mentioned in the above section, we consider 𝐿 = 226 𝑘𝑚

14) for the first selected length of the Hyperloop trajectory as it repre-

ents the distance between the two largest economical poles in Switzer-

and: Geneva and Zürich. The actual timing for this trip with the Swiss

ederal railways is in the order of 2h30min, whereas time travel by

lane is around 45 minutes (not including the boarding time). In or-

er to extensively validate the optimization process, we also consider

 = 500 𝑘𝑚 and 𝐿 = 1000 𝑘𝑚 . The discrete space sampling of the trajec-

ory is Δ𝑗 = 100 𝑚 , resulting into 2260 points for 𝐿 = 226 𝑘𝑚 , 5000 points

or 𝐿 = 500 𝑘𝑚 and 10,000 points for 𝐿 = 1000 𝑘𝑚 . The value of Δ𝑗 can

e determined as the capsule acceleration is upper-bounded to 0 . 3204 𝑔
being this value derived from civil air crafts [1] ) and because we would

ike to have an upper bound on the variations in the capsule speed we

ould like to observe in correspondence of the point in the trajectory
7 
ith the maximum acceleration. Since we would like to observe a maxi-

um difference of speed of 50 km/h between two equidistant discretiza-

ion points along the trajectory, for a maximum acceleration of 0 . 3204 𝑔,

he corresponding Δ𝑗 = 100 𝑚 . Such a computation has been done in cor-

espondence of the first and the second node of the discretized trajectory

here we have the capsule’s maximum acceleration. 

In (14) - (16) 𝑀 1 and 𝑀 2 represent the acceleration zones, 𝑀 3 the

onstant speed zone, and 𝑀 4 the deceleration one. The chosen values

or the extension of these zones is to have them large enough to allow

he optimization finding the optimal values of the capsule’s speed. To

e specific, for the maximum acceleration of 0 . 3204 𝑔 and and the exten-

ions of the acceleration zones 𝑀 1 and 𝑀 2 of total 12km, the maximum

otential speed is of 988 km/h which is larger than the upper bound we

ave chosen for the maximum speed to avoid choked-flow conditions

see Section IV.C). Regarding the deceleration zone, its extension is of

0 km, i.e. a value larger than the extension of the acceleration zones

llowing for the optimisation problem to have ample margin to deter-

ine the optimal speed profile while satisfying the constraints on the

aximum speed and acceleration. It is worth noting that the extension

f the acceleration/constant speed/deceleration zones can be also im-

osed by the modeler according to safety requirements of the Hyperloop

nfrastructure. 

 

 

 

 

 

 

 

𝑀 1 , ∀𝑗 = 0 , 1 , 2 , … , 
𝐿 1 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 1 = 5 𝑘𝑚 

𝑀 2 , ∀𝑗 = 

𝐿 1 
Δ𝑗 , … , 

𝐿 2 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 2 = 12 𝑘𝑚 

𝑀 3 , ∀𝑗 = 

𝐿 2 
Δ𝑗 , … , 

𝐿 3 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 3 = 206 𝑘𝑚 

𝑀 4 , ∀𝑗 = 

𝐿 3 
Δ𝑗 , … , 

𝐿 

Δ𝑗 , 𝑤𝑖𝑡ℎ 𝐿 = 226 𝑘𝑚 

(14) 

 

 

 

 

 

 

 

𝑀 1 , ∀𝑗 = 0 , 1 , 2 , … , 
𝐿 1 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 1 = 5 𝑘𝑚 

𝑀 2 , ∀𝑗 = 

𝐿 1 
Δ𝑗 , … , 

𝐿 2 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 2 = 12 𝑘𝑚 

𝑀 3 , ∀𝑗 = 

𝐿 2 
Δ𝑗 , … , 

𝐿 3 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 3 = 480 𝑘𝑚 

𝑀 4 , ∀𝑗 = 

𝐿 3 
Δ𝑗 , … , 

𝐿 

Δ𝑗 , 𝑤𝑖𝑡ℎ 𝐿 = 500 𝑘𝑚 

(15) 

 

 

 

 

 

 

 

𝑀 1 , ∀𝑗 = 0 , 1 , 2 , … , 
𝐿 1 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 1 = 5 𝑘𝑚 

𝑀 2 , ∀𝑗 = 

𝐿 1 
Δ𝑗 , … , 

𝐿 2 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 2 = 12 𝑘𝑚 

𝑀 3 , ∀𝑗 = 

𝐿 2 
Δ𝑗 , … , 

𝐿 3 
Δ𝑗 − 1 , 𝑤𝑖𝑡ℎ 𝐿 3 = 980 𝑘𝑚 

𝑀 4 , ∀𝑗 = 

𝐿 3 
Δ𝑗 , … , 

𝐿 

Δ𝑗 , 𝑤𝑖𝑡ℎ 𝐿 = 1000 𝑘𝑚 

(16) 

.2.2. Assumptions on the capsule and PS 
each of the capsules launched per day ( 𝑟 𝑐𝑎𝑝𝑠 ) carry a payload mass

quivalent to 50 persons [37] (the corresponding mass can be also a

argo). The average mass payload attributed for a single person is 80kg,

hich means a total payload mass of 4000kg; the considered mass of me-

hanics is 6000kg. These two assumptions translate into 𝑚 0 = 10000 𝑘𝑔. 

According to [38] , the frontal cross-section surface of capsules is as-

umed to be 𝑆 = 3 . 14 𝑚 

2 . Regarding the dependency of the drag coeffi-

ient with the speed of the capsule, 𝐶 𝑑 ( 𝑣 ) , we adopted the values shown

n 𝐹 𝑖𝑔. 3 ( ”3 𝐷 _ 𝑚𝑜𝑑𝑒𝑙”) of [23] for a blockage ratio 𝑆 𝑟𝑎𝑡𝑖𝑜 = 0 . 25 (as it is in

ur case). For the reader’s convenience, such dependency 𝐶 𝑑 ( 𝑣 ) is also

hown in Fig. 5 . Considering the lack of available literature regarding

yperloop capsules dependency of aerodynamic drag coefficient with

peed, a dedicated sensitivity analysis on the obtained optimal solutions

s reported in Section V. 

Regarding the PS, the efficiency of the power transfer is assumed

o be 𝜂𝑡𝑟 = 0 . 95 , whereas the efficiency of a high-speed LIM is assumed

o be 𝜂𝐿𝐼𝑀 

= 0 . 65 (this value has been inferred by preliminary tests at

he Authors’ laboratory). The parameter 𝑘 1 for LIM is selected accord-

ng to a Hyperloop capsule prototype realised by our laboratory and

ssumed to be 𝑘 1 = 0 . 091 𝑘𝑔 
𝑘𝑊 

. The values for 𝑘 2 is chosen with respect

o industry-grade VSI used by the automotive sector: 𝑘 2 = 0 . 075 𝑘𝑔 
𝑘𝑊 

, as

ell as 𝑐𝑜𝑠 ( 𝜙) = 0 . 6 . Furthermore, in Section V it is shown how the de-

endency of both 𝜂𝐿𝐼𝑀 

and 𝑐𝑜𝑠 ( 𝜙) with the capsule’s speed influences

he solution of (13) . 
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Fig. 5. 𝐶 𝑑 dependency with the Mach number, 𝑀𝑎 , adapted from [23] . 
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Fig. 6. Assessment of the chocked flow regime of the fluid around the hyperloop 
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s  
In (17) , we indicate the upper bounds for the accelerations 1 in the

ections 𝑀 1 , 𝑀 2 and 𝑀 3 (the values of these upper bounds are the same

sed in [1] ). In (17) , we also indicate the maximum speed, 𝑣 max , and

aximum travel time at the end of the constant speed zone, 𝑇 𝑚𝑎𝑥 1 , 𝑇 𝑚𝑎𝑥 2 
nd 𝑇 𝑚𝑎𝑥 3 for the three selected trajectory lengths 𝐿 = 226 𝑘𝑚 , 𝐿 = 500 𝑘𝑚
nd 𝐿 = 1000 𝑘𝑚 . The maximum travel times at the end of constant speed

one are bounded. 

 

 

 

 

 

 

 

𝑇 𝑚𝑎𝑥 1 
= 25 𝑚𝑖𝑛 ; 𝑇 𝑚𝑎𝑥 2 = 60 𝑚𝑖𝑛 ; 𝑇 𝑚𝑎𝑥 3 = 120 𝑚𝑖𝑛 
𝑎 𝑚𝑖𝑛 𝑀 1 

= 0 𝑔; 𝑎 𝑚𝑎𝑥 𝑀 1 
= 0 . 3204 𝑔 

𝑎 𝑚𝑖𝑛 𝑀 2 
= 0 𝑔; 𝑎 𝑚𝑎𝑥 𝑀 2 

= 0 . 3204 𝑔 
𝑎 𝑚𝑖𝑛 𝑀 3 

= 0 𝑔; 𝑎 𝑚𝑎𝑥 𝑀 3 
= 0 . 0001 𝑔 

(17) 

Regarding the BESS, the numerical assumptions shown in (18) are

ased on a real cell: the Kokam SLPB 11543140H5. This cell is graded

or a continuous discharge rate up to 30C and exhibits remarkable per-

ormance in terms of ageing (more than 1000 cycles at 90% depth-of-

ischarge). The constraints on the 𝑉 𝑏𝑎𝑡𝑡 
𝑂𝐶𝑉 

are based on the IEC 60850

tandard [39] and the EN 50163 standard [40] and are translated into

 direct constraints on the decision variable 𝑁 𝑆 given the maximum

pen-circuit voltage of the selected cell. The bounds on the 𝑆𝑜𝐶 are

hosen with respect to the safety operations of the cell. The other cell’s

arameters have been characterized at our laboratory. 

 

 

 

 

 

 

 

 

 

 

 

 

 

𝑆𝑜𝐶 𝑚𝑎𝑥 = 100% 

𝑆𝑜𝐶 𝑚𝑖𝑛 = 10% 

𝑁 𝑠 𝑚𝑖𝑛 
= 238 

𝑁 𝑠 𝑚𝑎𝑥 
= 357 

𝑅 𝑐𝑒𝑙𝑙 = 4 . 4 𝑚 Ω
𝐼 𝑐𝑒𝑙 𝑙 𝑀𝑎𝑥 = 150 𝐴 

𝐼 𝑐𝑒𝑙 𝑙 𝑀𝑎𝑥 𝑐ℎ𝑎𝑟𝑔𝑒 
= 5 𝐴 

𝑉 𝑂𝐶𝑉 
𝑐𝑒𝑙𝑙 

= 4 . 2 𝑉 

(18) 

.3. Assumptions for the computation of the kantrowitz limit and 
ssociated capsules’ maximum speed 

By considering 𝑇 = 288 . 15 𝐾 and 𝛾 = 1 . 4032 , Fig. 6 illustrates the de-

endency of 𝑀 ∞ with 𝑆 𝑟𝑎𝑡𝑖𝑜 = 

𝑆 

𝑆 𝑡𝑢𝑏𝑒 
. At 𝑇 = 288 . 15 𝐾, the speed of the

ound is 𝑣 𝑠𝑜𝑢𝑛𝑑 = 1224 𝑘𝑚 
ℎ 

and, since 𝑆 𝑟𝑎𝑡𝑖𝑜 = 0 . 25 , we get at the choke

ow limit 𝑀 ∞ = 0 . 504 and a corresponding 𝑣 max = 616 . 28 𝑘𝑚 
ℎ 

. Fig. 6 has
1 Note that 𝑔 = 9 . 81 𝑚 
𝑠 2 

m  

s  

o

8 
een obtained by numerically inputting the above-mentioned values

nto (12) . 

.4. Hyperloop infrastructure operational assumptions 

For the infrastructure operation, the most relevant parameter to fix

s 𝑇 𝑜𝑝 , as it represents the total number of hours-per-day where cap-

ules are launched into the Hyperloop infrastructure. In order to de-

ne a value for this parameter, we made reference to the actual daily

ime for operations adopted by the Swiss Federal railways for which

 𝑜𝑝 = 16 ℎ𝑜𝑢𝑟𝑠 . The other parameter to fix is the number of capsules

aunched per day ( 𝑟 𝑐𝑎𝑝𝑠 ). In [37] , it is reported a rate of 
1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
2 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 which

ranslates to a 𝑟 𝑐𝑎𝑝𝑠 = 480 𝑐𝑎𝑝𝑠𝑢𝑙𝑒𝑠 
𝑑𝑎𝑦 

, equivalent to a maximum number of

assengers per day of 𝑘 𝑝𝑎𝑠𝑠 = 24000 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟𝑠 
𝑑𝑎𝑦 

. Furthermore, the value

dopted for 𝑟 𝑐𝑎𝑝𝑠 can be coupled with the capsules distance at cruising

peed vs the distance needed to decelerate them in case of an emergency

raking. Indeed, it is reasonable to suppose the network of capsules be-

ng controlled by an automatic system capable to estimate the position

f each capsule along their trajectories (i.e., a classical state estimator).

uch an automatic system governs the entire network of capsules and is

apable to handle any error appearing from any capsule. In this case, all

he capsules enter in an “Error State ” where a safe braking is applied to

ll capsules to stop them. Assuming the capsules traveling at a maximum

peed of 616 𝑘𝑚 
ℎ 

( 171 𝑚 
𝑠 
), namely the maximum cruising speed we have

etermined in Section IV.C, a safety braking deceleration should not ex-

eed 0 . 5 𝑔 (i.e., 4.905 𝑚 
𝑠 2 

) (such a value for an emergency deceleration

as been proposed to prevent passengers’ injuries in the document by

. Grover, I. Knight in [36] ). Therefore, the corresponding safety brak-

ng distance would be: 𝐿 𝑎 = 2457 . 8 𝑚 . For the assumed 𝑟 𝑐𝑎𝑝𝑠 = 

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
2 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 ,

he time difference between two capsules is of 120 𝑠 and, at the maxi-

um speed of 171 𝑚 
𝑠 
, the distance between two subsequent capsules is

 𝑏 = 20520 𝑚 . It is evident that 𝐿 𝑎 << 𝐿 𝑏 guaranteeing a safe emergency

raking with ample margin. Regardless of the above reasoning, a sensi-

ivity analysis on the influence of 𝑟 𝑐𝑎𝑝𝑠 on the solutions provided by the

ptimization problem is contained in Section V. 

. Results 

This section illustrates the results obtained by solving (13) with re-

pect to different values of the main parameters of the proposed opti-

isation problem. The results are show with respect to the quantities

hown in Table 1 as they represent the main operational characteristics

f both the Hyperloop infrastructure and capsule’s propulsion system. 



D. Tudor and M. Paolone Transportation Engineering 5 (2021) 100079 

Table 1 

Variables’ information. 

Variable Name Unit 

𝑝 𝑡𝑢𝑏𝑒 tube’s pressure mbars 

𝐸 𝑑𝑒𝑝𝑟 depressurization’s energy Wh 

𝐸 𝑝𝑟 process’ energy Wh 

𝐸 𝑐𝑎𝑝𝑠 capsules’ energy Wh 

𝑚𝑎𝑥 ( 𝑃 𝑏𝑎𝑡𝑡 ) capsules’ maximum power MW 

𝑚𝑎𝑥 ( 𝑣 ) capsules’ maximum speed km/h 

𝑚 capsules’ masses kg 

𝑣 capsules’ speed km/h 

𝑡 𝐿 𝑘 capsules’ traveling time profile minutes 

𝑆𝑜𝐶 capsules’ state-of-charge profile % 
𝑃 𝑏𝑎𝑡𝑡 capsules’ power profile MW 

𝐸 𝑟 capsules’ average energy consumption Wh/passenger/km 

𝑇 𝑑𝑒𝑝𝑟 tube’s depressurization period days 

5
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Fig. 7. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 . 

Fig. 8. Dependency of the tu be depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 . 
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.1. Main numerical assumptions 

As the total energy consumption of the Hyperloop system is largely

nfluenced by 𝑇 𝑑𝑒𝑝𝑟 , the analyses discussed in this section are car-

ied out by increasing this parameter up to a certain value un-

il the total energy consumption of the infrastructure tends to an

symptotic value. Hence, 𝑇 𝑑𝑒𝑝𝑟 is varied in the following set: 𝑇 𝑑𝑒𝑝𝑟 =
 1 , 7 , 14 , 21 , 28 , 35 , 42 , 70 , 84 , 168 } 𝑑𝑎𝑦𝑠 for each of the three considered

rajectory lengths. As the optimisation problem is non-convex, yet nu-

erically tractable, it is solved by using a gradient-descent method

here the initial conditions were varied within intervals that have a

echnical feasible meaning. Then, the obtained solutions were ranked

ccording to their objective value in order to determine the one with

he least value. For every 𝑇 𝑑𝑒𝑝𝑟 and 𝐿 , the initialization of the control

ariables were made accordingly to the intervals show in Table 2 . The

 𝑆 , 𝑁 𝑝 and 𝑎 initialization values were chosen accordingly to [1] , and

or the initialization for 𝑝 𝑡𝑢𝑏𝑒 , we assumed the range indicated in [1] and

29] . 

.2. General observations 

Fig. 7 shows the optimal values of 𝑝 𝑡𝑢𝑏𝑒 as a function of 𝑇 𝑑𝑒𝑝𝑟 for each

rajectory length. The optimal pressure inside the tube, 𝑝 𝑡𝑢𝑏𝑒 varies from

 . 82 𝑚𝑏𝑎𝑟 to 76 . 92 𝑚𝑏𝑎𝑟 for 𝐿 = 226 𝑘𝑚 , from 1 . 17 𝑚𝑏𝑎𝑟 to 54 . 5 𝑚𝑏𝑎𝑟 for 𝐿 =
00 𝑘𝑚 and from 1 . 14 𝑚𝑏𝑎𝑟 to 17 . 25 𝑚𝑏𝑎𝑟 for 𝐿 = 1000 𝑘𝑚 . As a first general

onclusion we can see that for lower values of 𝑇 𝑑𝑒𝑝𝑟 , the largest fraction

f used energy is associated to the Hyperloop infrastructure, namely 𝐸 𝑝𝑟 

 𝐸 𝑑𝑒𝑝𝑟 . For values of 𝑇 𝑑𝑒𝑝𝑟 in the range between 42 𝑑𝑎𝑦𝑠 to 168 𝑑𝑎𝑦𝑠 , the

nergy needed by the infrastructure is of the same order of magnitude of

he energy used by the capsules, whereas, for higher values of 𝑇 𝑑𝑒𝑝𝑟 (and

f 𝑝 𝑡𝑢𝑏𝑒 ), the energy used by the capsules is dominant (this dependency is

xpected as 𝜔 

𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 are lower for higher values of 𝑝 𝑡𝑢𝑏𝑒 ). It is also worth

bserving that, for the same value of 𝑇 𝑑𝑒𝑝𝑟 , the optimisation problem

etermines optimal tube’s pressures that decrease with the increase of

he trajectory length as, for longer trajectories, capsules’ aerodynamic

nergy losses become more important compared to the energy used by

he Hyperloop infrastructure (i.e., 𝐸 𝑝𝑟 + 𝐸 𝑑𝑒𝑝𝑟 ) that tends to a constant

alue for 𝑇 𝑑𝑒𝑝𝑟 → ∞ (see Fig. 8, Fig. 9 ). Furthermore, as the value of 𝑇 𝑑𝑒𝑝𝑟 
Table 2 

Initialization of the control variables. 

Variable Min value for the variable init Max value for the variab

𝑁 𝑠 200 400 

𝑁 𝑝 20 40 

𝑎 0 0.36g 

𝑝 𝑡𝑢𝑏𝑒 0 300 

𝑞 ′ 100 600 

𝑞 ′′ 0 100 

9 
ncreases, the value of 𝑝 𝑡𝑢𝑏𝑒 increases as well. This trend is due to the non-

inear behaviour of 𝐸 𝑝𝑟 and 𝐸 𝑑𝑒𝑝𝑟 as a function of the tube’s operating

ressure. In particular, for increasing values of 𝑝 𝑡𝑢𝑏𝑒 , 𝐸 𝑝𝑟 and 𝐸 𝑑𝑒𝑝𝑟 both

ecrease and tend to have comparable magnitudes. Indeed, in (13) the

est trade-off between the energy used for by the capsules, 𝐸 𝑐𝑎𝑝𝑠 , and the

nergy used by the Hyperloop infrastructure, 𝐸 𝑐𝑎𝑝𝑠 + 𝐸 𝑝𝑟 , determines

he value of 𝑝 𝑡𝑢𝑏𝑒 that tends to a constant value for 𝑇 𝑑𝑒𝑝𝑟 → ∞. These

rends are shown in Fig. 8, Fig. 9 and Fig. 10 that quantify, respectively,
le init Discretiziation step for the init values Unit 

20 no. cells 

5 no. cells 

0.18g 𝑚 

𝑠 2 

20 mbar 

50 no. pumps 

20 no. pumps 
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Table 3 

Variables. 

Variable Name Unit 

Δ𝑖 Sampling time interval along the capsule’s trajectory 𝑠 

Δ𝑗 Sampling distance interval of the capsule’s trajectory 𝑚 

𝜂 Total efficiency of the capsule propulsion system (mechanical and electrical) - 

𝜂𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 Efficiency of the compressor - 

𝜂𝐿𝐼𝑀 Linear induction motor efficiency - 

𝜂𝑡𝑟 Power transfer efficiency - 

𝜆 Thickness of the Hyperloop tube 𝑚 

𝜇 Dynamic air viscosity 𝑁𝑠 

𝑚 2 

𝜔 𝑎𝑖𝑟𝑙𝑒𝑎𝑘𝑠 Air-leaks of the Hyperloop tube 𝑚 3 

ℎ 

𝜔 𝑝𝑢𝑚𝑝 Volume flow of a vacuum pump 𝑚 3 

ℎ 

𝜌 Air density corresponding to 𝑝 𝑡𝑢𝑏𝑒 
𝑘𝑔 

𝑚 3 

𝜌0 Air density corresponding to 𝑝 0 
𝑘𝑔 

𝑚 3 

𝜏𝑑 Depressurization time of the Hyperloop tube ℎ 

𝑎 Capsule’s acceleration 𝑚 

𝑠 2 

𝐶 𝑑 Capsule’s drag coefficient - 

𝐶 𝑏𝑎𝑡𝑡 Total capacitance of the battery 𝐴ℎ 

𝐶 𝑐𝑒𝑙𝑙 Capacitance of a cell [ 𝐴ℎ ] 

𝐶 𝑙𝑒𝑣 Levitation drag coefficient - 

𝑐𝑜𝑠 ( 𝜙) Power factor of the voltage source inverter - 

𝑑 𝑖𝑛 Inner diameter of the Hyperloop tube 𝑚 

𝑑 𝑜𝑢𝑡 Outer diameter of the Hyperloop tube 𝑚 

𝐸 𝑐 Energy required by a single capsule 𝑊 ℎ 

𝑑𝑎𝑦 

𝐸 𝑐𝑎𝑝𝑠 Energy required by the network of capsules 𝑊 ℎ 

𝑑𝑎𝑦 

𝐸 𝑑𝑒𝑝𝑟 Energy required by the depressurization process 𝑊 ℎ 

𝐸 𝑝𝑟 Energy required by the air leak compensation process 𝑊 ℎ 

𝑑𝑎𝑦 

𝐸 𝑟 Energy per-passenger and per-unit-of-length 𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅𝑘𝑚 

𝐹 𝑑𝑟𝑙𝑒𝑣 Passive levitation drag force 𝑁

𝐹 𝑑𝑟 Capsule drag force 𝑁

𝐹 𝑡𝑟 Capsule traction force 𝑁

𝑖 Index of time associated to the position of the capsule along the trajectory 𝑠 

𝐼 𝑏𝑎𝑡𝑡 Battery current 𝐴 

𝐼 𝑐𝑒𝑙𝑙 Cell current 𝐴 

𝑗 Index of space associated to the position of the capsule along the trajectory 𝑚 

𝑘 1 Weight per unit of power of a linear induction motor 𝑘𝑔 

𝑊 

𝑘 2 Weight per unit of power of a power electronic converter 𝑘𝑔 

𝑊 

𝑘 𝑝𝑎𝑠𝑠 Number of passengers per unit of time - 

𝑘 𝑝𝑒𝑟𝑚 Concrete’s air permeability 𝑚 2 

𝐿 Total length of the capsule trajectory 𝑚 

𝑚 Total mass of the capsule 𝑘𝑔

𝑚 0 Passive mass of the capsule 𝑘𝑔

𝑚 𝐵𝐸𝑆𝑆 Mass of the battery of the capsule 𝑘𝑔

𝑚 𝑐𝑒𝑙𝑙 Mass of a battery cell 𝑘𝑔

𝑚 𝑃𝑆 Mass of the capsule propulsion systems 𝑘𝑔

𝑛 Number of trajectory zones - 

Fig. 9. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 . Fig. 10. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 . 

10 
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Table 4 

Variables. 

Variable Name Unit 

𝑁 𝑝 Number of cells in parallel in the battery pack - 

𝑁 𝑠 Number of cells in series in the battery pack - 

𝑝 0 Standard atmospheric pressure 𝑏𝑎𝑟 

𝑃 𝑏𝑎𝑡𝑡 Accessible power of the battery at its terminals 𝑊 

𝑃 𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟 Power of the compressor 𝑊 

𝑃 𝑚𝑎𝑥𝐶𝑒𝑙𝑙 Maximum power provided by a battery cell 𝑊 

𝑃 𝑝𝑢𝑚𝑝 Power of a single vacuum pump 𝑊 

𝑃 𝑡𝑟 Capsule traction power 𝑊 

𝑝 𝑡𝑢𝑏𝑒 Pressure inside the Hyperloop tube 𝑏𝑎𝑟 

𝑞 ′ Total number of vacuum pumps in the tube between two stations - 

𝑞 ′′ Total number of vacuum pumps used to compensate the air leaks - 

𝑅 𝑏𝑎𝑡𝑡 Equivalent series resistance of the battery Ω
𝑟 𝑐𝑎𝑝𝑠 Number of capsules travelling in the Hyperloop tube per-unit-of-time - 

𝑅 𝑐𝑒𝑙𝑙 Equivalent series resistance of a battery cell Ω
𝑆 Cross section surface of the capsule 𝑚 2 

𝑆 𝑟𝑎𝑡𝑖𝑜 Ratio of capsule’s cross section and tube’s cross section - 

𝑆 𝑡𝑢𝑏𝑒 Cross section of the tube 𝑚 2 

𝑆𝑜𝐶 Battery State-of-Charge - 

𝑆𝑜𝐶 𝑓𝑖𝑛𝑎𝑙 Battery state-of-charge at the end of the capsule trajectory - 

𝑇 𝑑𝑒𝑝𝑟 Time interval between two subsequent complete depressurization of the Hyperloop tube ℎ 

𝑡 𝐿 𝑘 Travel time of one capsule to complete the Hyperloop trajectory 𝑠 

𝑡 𝑙𝑒𝑎𝑘𝑠 Air-leaks time in one day ℎ 

𝑇 𝑜𝑝 Capsules’ operations time in one day ℎ 

𝑣 Capsule’s speed 𝑚 

𝑠 

𝑉 𝑏𝑎𝑡𝑡 Accessible voltage of the battery at its terminals 𝑉 

𝑉 𝑐𝑒𝑙𝑙 Accessible voltage of the cell at its terminals 𝑉 

𝑉 𝑏𝑎𝑡𝑡 
𝑂𝐶𝑉 

Open circuit voltage of the battery 𝑉 

𝑉 𝑐𝑒𝑙𝑙 
𝑂𝐶𝑉 

Open circuit voltage of the cell 𝑉 

𝑣 𝑠𝑜𝑢𝑛𝑑 Speed of sound 𝑚 

𝑠 

Fig. 11. Dependency of the capsule’s BESS maximum power, 𝑚𝑎𝑥 ( 𝑃 𝐵𝐸𝑆𝑆 ) , with 

𝑇 𝑑𝑒𝑝𝑟 . 
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Fig. 12. Dependency of capsule’s maximum (or cruising) speed, 𝑚𝑎𝑥 ( 𝑣 ) , with 

𝑇 𝑑𝑒𝑝𝑟 . 
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he dependency of 𝐸 𝑑𝑒𝑝𝑟 with 𝑇 𝑑𝑒𝑝𝑟 , the dependency 𝐸 𝑝𝑟 with 𝑇 𝑑𝑒𝑝𝑟 and

he dependency 𝐸 𝑐𝑎𝑝𝑠 with 𝑇 𝑑𝑒𝑝𝑟 . 

Fig. 11 shows the optimal maximum power required by the PS of a

yperloop capsule as a function of 𝑇 𝑑𝑒𝑝𝑟 : it can be seen that it increases

ith the increase of 𝑇 𝑑𝑒𝑝𝑟 since larger values of 𝑇 𝑑𝑒𝑝𝑟 results in larger tube

perational pressures, 𝑝 𝑡𝑢𝑏𝑒 , and consequent larger aerodynamic drag. It

s also worth observing that, for the various considered trajectories and

 𝑑𝑒𝑝𝑟 , the optimal maximum power required by the PS of a Hyperloop

apsule is in the range between 1 . 8 − 5 . 1 𝑀𝑊 . These values of maximum

ower appear to be compatible with technologies nowadays available

or both BESS and power electronics. 
11 
Fig. 12 shows the optimal maximum cruising speeds of the capsules

or the various considered trajectories and 𝑇 𝑑𝑒𝑝𝑟 . The results shown in

his figure allows to draw an important conclusion: in order to optimise

he energy needs of the whole Hyperloop system, the maximum speed

f Hyperloop capsules has to be subsonic. Such a conclusion appears to

old also for relatively long trajectories. 

.3. Pressure vs. masses 

Fig. 13 illustrates the dependency of the active masses of the cap-

ule: 𝑚 , 𝑚 𝐵𝐸𝑆𝑆 and 𝑚 𝑃𝑆 as a function of the infrastructure’s operational

ressure, 𝑝 𝑡𝑢𝑏𝑒 . Observe a linear increase of the masses as a function of

 with steeper trends for longer trajectories. 
𝑡𝑢𝑏𝑒 
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Fig. 13. The dependency of the masses ( 𝑚 , 𝑚 𝐵𝐸𝑆𝑆 , 𝑚 𝑃𝑆 ) with 𝑝 𝑡𝑢𝑏𝑒 for every 𝐿 . 

Fig. 14. Capsule speed along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 𝐿 = 
226 𝑘𝑚 ). 
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Fig. 15. Capsule traveling time, 𝑡 𝐿𝑘 , along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles 

refers to 𝐿 = 226 𝑘𝑚 ). 

Fig. 16. Capsule BESS 𝑆𝑜𝐶 along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 

𝐿 = 226 𝑘𝑚 ). 

Fig. 17. Capsule 𝑃 𝑏𝑎𝑡𝑡 along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 𝐿 = 
226 𝑘𝑚 ). 
It is important to remember that the proposed optimisation problem

onsiders both the capsule’s mass increase with 𝑝 𝑡𝑢𝑏𝑒 (as the capsules are

nergy-autonomous) along with the increase of the infrastructure’s en-

rgy with the decrease of 𝑝 𝑡𝑢𝑏𝑒 . As a matter of fact, the identified optimal

olutions for the capsule’s masses and 𝑝 𝑡𝑢𝑏𝑒 represent the best trade-off

hat makes the solution of the proposed problem non-trivial and less

ntuitive. 

.4. Profiles of speed, travel time, BESS SoC and power 

In this subsection, we show the profiles of the most important in-

ernal variables of the optimisation problem (13) as a function of the

apsule’s position along its trajectory for the specific case of 𝐿 = 226 𝑘𝑚
as for the other graphs, the results are also shown for the various 𝑇 𝑑𝑒𝑝𝑟 ).

ig. 14 , Fig. 15 , Fig. 16 , Fig. 17 show the profile of speed, travel time,

ESS SoC and BESS power as a function of the capsule position for every

 𝑑𝑒𝑝𝑟 . 

As already observed, due to the nonlinear increase of the aerody-

amic losses with the speed associated with 𝐶 𝑑 and 𝐹 𝑑𝑟 , the optimal

ruising speed of the capsules is in the order of 612 𝑘𝑚 
ℎ 

. Such an optimal

ruising speed is linked with 𝑇 𝑑𝑒𝑝𝑟 , due to the various optimal values of

 . 
𝑡𝑢𝑏𝑒 

12 
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Fig. 18. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length. 
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Fig. 19. 𝐶 𝑙𝑒𝑣 dependency with the speed of the capsule, 𝑣 , adapted from [41] . 
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Fig. 16 shows the trend of the capsule’s BESS 𝑆𝑜𝐶. For very short

aintenance periods, i.e., 𝑇 𝑑𝑒𝑝𝑟 = 1 𝑑𝑎𝑦 and partially 𝑇 𝑑𝑒𝑝𝑟 = 7 𝑑𝑎𝑦𝑠 , the

𝑜𝐶 does not reach the minimum binding value of 10%, because the

ESS is constrained by the maximum discharge rate of the cell. In-

eed, the optimal solutions identified for these short maintenance pe-

iods have a peculiar BESS design for which the binding constraints in

13) are those associated with the power, rather than with the energy

f the BESS. This occurs because the optimal 𝑝 𝑡𝑢𝑏𝑒 reaches its lowest val-

es and the energy consumption for one capsule, 𝐸 𝑐 , is the lowest too.

herefore, for low values of 𝑇 𝑑𝑒𝑝𝑟 (and corresponding 𝑝 𝑡𝑢𝑏𝑒 ), the Hyper-

oop system can be associated with a power-intensive application, as the

onstraints associated with the cells discharge are binding. Whereas, for

igher values of 𝑇 𝑑𝑒𝑝𝑟 (and corresponding 𝑝 𝑡𝑢𝑏𝑒 ), the Hyperloop system

an be associated to an energy-intensive application as the constraints

n the BESS 𝑆𝑜𝐶 are binding. 

Fig. 17 shows the different optimal profiles of 𝑃 𝑏𝑎𝑡𝑡 , depending on

 𝑑𝑒𝑝𝑟 . The maximum power vary in the interval between 1 . 8 − 3 . 2 𝑀𝑊 .

maller maximum values of 𝑃 𝑏𝑎𝑡𝑡 correspond to lower 𝑝 𝑡𝑢𝑏𝑒 and lower

aximum speed (see Fig. 14 ). 

.5. Energy needs and infrastructure operation 

For a given 𝑇 𝑑𝑒𝑝𝑟 and trajectory length, the total energy need per

umber of passengers and per km is given in (19) and the results are

hown in Fig. 18 . 

 𝑟 [ 
𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅ 𝑘𝑚 

] = 

𝐸 𝑑𝑒𝑝𝑟 + 𝑇 𝑑𝑒𝑝𝑟 ⋅ ( 𝐸 𝑝𝑟 + 𝐸 𝑐𝑎𝑝𝑠 ) 
𝐿 ⋅ 𝑇 𝑑𝑒𝑝𝑟 ⋅ 𝑘 𝑝𝑎𝑠𝑠 

(19)

The operational strategy of the Hyperloop infrastructure plays an

mportant role on the energy consumption of the entire system. For

hort 𝑇 𝑑𝑒𝑝𝑟 , 𝐸 𝑟 can reach high values, especially for long trajectory

engths, as for 𝐿 = 1000 𝑘𝑚 the best values of 𝐸 𝑟 are in the range

f 100 − 225 𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅𝑘𝑚 
. Therefore, independently of the infrastructure

ength, it is suggested to have 𝑇 𝑑𝑒𝑝𝑟 ≥ 21 𝑑𝑎𝑦𝑠 as, depending on the length

f the trajectory, 𝐸 𝑟 ranges between [20 , 30] 𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅𝑘𝑚 
. 

.6. Impact of the levitation drag 

The optimisation model (13) considers suspended capsules where

he levitation drag is null. However, it is worth analysing the impact

f the magnetic levitation drag force, 𝐹 on the optimal solution of
𝑑𝑟𝑙𝑒𝑣 

13 
13) since the BESS power profile might be influenced as well as the

nergy consumption of the capsule. 

In this sub-section, we analyse such an impact for a trajectory length

f 𝐿 = 226 𝑘𝑚 . 

𝐹 𝑑𝑟𝑙𝑒𝑣 is given by (20) where 𝐶 𝑙𝑒𝑣 represents the levitation drag co-

fficient that has a dependency with the speed of the capsule, 𝑣 , as dis-

ussed in [41] . The representation of 𝐶 𝑙𝑒𝑣 ( 𝑣 ) is shown in Fig. 19 adapted

rom [41] . 

 𝑑𝑟𝑙𝑒𝑣 ( 𝑗) = 𝑚𝑔𝐶 𝑙𝑒𝑣 ( 𝑣 ( 𝑗)) (20)

Therefore, compared with (8) , the new capsule’s traction force is

epresented by (21) and the traction power by (22) . 

 𝑡𝑟 ( 𝑗) = 𝑚𝑎 ( 𝑗) + 𝐹 𝑑𝑟 ( 𝑗) + 𝐹 𝑑𝑟𝑙𝑒𝑣 ( 𝑗) (21)

 𝑡𝑟 ( 𝑗) = ( 𝑚𝑎 ( 𝑗) + 𝐹 𝑑𝑟 ( 𝑗) + 𝐹 𝑑𝑟𝑙𝑒𝑣 ( 𝑗)) ⋅ 𝑣 ( 𝑗) (22)

With the same conditions imposed in (13) , except for the definition

f 𝐹 𝑡𝑟 and 𝑃 𝑡𝑟 that, in this case, include the magnetic levitation drag, the

roblem (13) has been solved for all the 𝑇 𝑑𝑒𝑝𝑟 for the trajectory length

 = 226 𝑘𝑚 . 

The profiles of 𝑝 𝑡𝑢𝑏𝑒 , 𝑃 𝐵𝐸𝑆𝑆 and 𝑣 are presented in Fig. 20 , Fig. 21 ,

espectively in Fig. 22 . In Fig. 23 , it is worth observing the 𝑚 , 𝑚 𝐵𝐸𝑆𝑆 ,

 𝑃𝑆 dependencies with 𝑝 𝑡𝑢𝑏𝑒 for 𝐿 = 226 𝑘𝑚 . 

By comparing the results of Fig. 20 with those in Fig. 7 , the tube oper-

tional pressure 𝑝 𝑡𝑢𝑏𝑒 shows a slight decrease of up to 10% for each 𝑇 𝑑𝑒𝑝𝑟 .

egarding the capsule masses, by comparing the results of Fig. 13 with

hose in Fig. 23 , we can observe that, for each operational pressure, 𝑝 𝑡𝑢𝑏𝑒 ,

he total mass increase of up to 4 times. The peak BESS power required

or the case with magnetic levitation is about 14 . 5 𝑀𝑊 whereas, for the

ase without the magnetic levitation, is 3 𝑀𝑊 . For the constant speed

one, the BESS power required for the case with magnetic levitation is

bout 5 . 5 𝑀𝑊 while, for the case without the magnetic levitation, is

bout 0 . 5 𝑀𝑊 . Regarding the speed profiles, the comparison between

ig. 14 vs Fig. 22 shows that they are quite similar. 

In view of the obtained results, it is worth observing that the

agnetic levitation is responsible of a dramatic increase the capsule’s

asses, energy needs as well as peak power requirements. It is quite

lear from these results that Hyperloop capsules have to rely on drag-

ess magnetic levitation solutions especially if the energy reservoir is

mbedded in the capsule. 
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Fig. 20. Infrastructure 𝑝 𝑡𝑢𝑏𝑒 for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 𝐿 = 226 𝑘𝑚 ) includ- 

ing the losses of the passive levitation. 

Fig. 21. Capsule 𝑃 𝑏𝑎𝑡𝑡 along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 𝐿 = 
226 𝑘𝑚 ) including the losses of the passive levitation. 

Fig. 22. Speed 𝑣 along its position for each 𝑇 𝑑𝑒𝑝𝑟 (profiles refers to 𝐿 = 226 𝑘𝑚 ) 
including the losses of the passive levitation. 

Fig. 23. The dependency of masses ( 𝑚 , 𝑚 𝐵𝐸𝑆𝑆 , 𝑚 𝑃𝑆 ) with 𝑝 𝑡𝑢𝑏𝑒 for 𝐿 = 226 𝑘𝑚 
including the losses of the passive levitation. 

Fig. 24. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑟 𝑐𝑎𝑝𝑠 sensitivity analysis). 
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.7. Sensitivity analysis 

This section contains a comprehensive sensitivity analysis with re-

pect to parameters that have an influence on the solutions of the pro-

osed optimisation problem. In particular, these parameters are: (i) the

umber of capsules per unite of time 𝑟 𝑐𝑎𝑝𝑠 , (ii) the aerodynamic drag

oefficient 𝐶 𝑑 , (iii) the permeability of tube’s material 𝑘 𝑝𝑒𝑟𝑚 , (iv) the

assive mass of the capsule 𝑚 0 and (v) the LIM efficiency and power

actor dependency on capsule’s speed 𝜂𝐿𝐼𝑀 

( 𝑣 ) , 𝑐𝑜𝑠 ( 𝜙)( 𝑣 ) . 

.7.1. Variable 𝑟 𝑐𝑎𝑝𝑠 (number of capsules per unite of time) 
In this sub-section we analyse the influence on the solution of (13) of

ifferent values of the variable 𝑟 𝑐𝑎𝑝𝑠 . For this purpose, with respect to

he original value of 𝑟 𝑐𝑎𝑝𝑠 = 

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
2 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 chosen for this parameter, we have

onsidered two other values, namely: (i) 𝑟 𝑐𝑎𝑝𝑠 = 

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
5 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 and (ii) 𝑟 𝑐𝑎𝑝𝑠 =

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 . 

Fig. 24 shows that, with respect to the values obtained for 𝑟 𝑐𝑎𝑝𝑠 =
1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 

in correspondence of large values of 𝑇 𝑑𝑒𝑝𝑟 , a slight change in
2 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 
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Fig. 25. Dependency of the tube depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑟 𝑐𝑎𝑝𝑠 
sensitivity analysis). 

Fig. 26. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑟 𝑐𝑎𝑝𝑠 
sensitivity analysis). 
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Fig. 27. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑟 𝑐𝑎𝑝𝑠 sensi- 

tivity analysis). 

Fig. 28. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length ( 𝑟 𝑐𝑎𝑝𝑠 sensitivity analysis). 

Fig. 29. 𝐶 𝑑 dependency with the Mach number, 𝑀𝑎 ( 𝐶 𝑑 sensitivity analysis). 
he tube pressure (less than 15% ) is obtained. The differences for 𝐸 𝑑𝑒𝑝𝑟 ,

 𝑝𝑟 and 𝐸 𝑐𝑎𝑝𝑠 are presented in Fig. 25 , Fig. 26 and Fig. 27 , respectively.

ower flows of capsules produce a decrease of the energy consumption

f the capsules. As a consequence, in order to minimize the total en-

rgy need, the optimization identifies slightly larger tube pressure (see

ig. 24 ) that limit the increase of the energy needed to operate the in-

rastructure (i.e., 𝐸 𝑑𝑒𝑝𝑟 + 𝐸 𝑝𝑟 ). The values obtained for the energy per-

assenger-per-km shown in Fig. 28 , do not exceed 70 𝑊 ℎ ∕ 𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ∕ 𝑘𝑚
or 𝑟 𝑐𝑎𝑝𝑠 = 

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
10 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 and 𝑇 𝑑𝑒𝑝𝑟 > 21 𝑑𝑎𝑦𝑠 and are slightly higher compared

o the case of 𝑟 𝑐𝑎𝑝𝑠 = 

1 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 
2 𝑚𝑖𝑛𝑢𝑡𝑒𝑠 . 

.7.2. Variable 𝐶 𝑑 (aerodynamic drag coefficient) 
A sensitivity analysis regarding this parameter is here carried out by

dding an offset to the original aerodynamic drag coefficient as shown

n Fig. 29 where (i) 𝐶 𝑑 = 𝐶 𝑑,𝑜𝑟𝑖𝑔 + 0 . 1 and (ii) 𝐶 𝑑,𝑜𝑟𝑖𝑔 = 𝐶 𝑑 + 0 . 2 . 
A variation in the drag coefficient directly impacts the energy re-

uired by the capsules. In order to minimise such an impact, the op-

imisation identifies optimal tube pressures that, in correspondence of
15 
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Fig. 30. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝐶 𝑑 sensitivity analysis). 

Fig. 31. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝐶 𝑑 sensitiv- 

ity analysis). 
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Fig. 32. Dependency of the tube depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝐶 𝑑 
sensitivity analysis). 

Fig. 33. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝐶 𝑑 
sensitivity analysis). 

Fig. 34. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length ( 𝐶 𝑑 sensitivity analysis). 
arge values of 𝑇 𝑑𝑒𝑝𝑟 , have a slight change (less than 15% - see Fig. 30 )

ith respect to the optimal solutions obtained for the original aerody-

amic drag coefficient. The obtained values for 𝐸 𝑐𝑎𝑝𝑠 shown in Fig. 31

xhibit changes in the order of 10% with respect to the original value.

t is also interesting to observe that the variations on the tube pressure

re small enough to not influence the energy consumption related to

he infrastructure (i.e., 𝐸 𝑑𝑒𝑝𝑟 in Fig. 32 and 𝐸 𝑝𝑟 in Fig. 33 ). The energy

er-passenger-per-km shown in Fig. 34 is very similar with respect to

alues obtained with the original aerodynamic drag coefficient. 

.7.3. Variable 𝑘 𝑝𝑒𝑟𝑚 (permeability of tube’s material) 
it is worth observing that the construction of an Hyperloop tube may

equire to impose the value of 𝑘 𝑝𝑒𝑟𝑚 in order to guarantee a given perfor-

ance of the tube regarding its depressurization and air leaks. Although

he value adopted for 𝑘 𝑝𝑒𝑟𝑚 is inferred from the existing literature, a sen-

itivity analysis on this parameter is shown in this sub-section. The sensi-

ivity analysis is considering variations of ±25% with respect to the orig-

nal value assumed for this parameter, namely: (i) 𝑘 𝑝𝑒𝑟𝑚 = 3 . 75 ⋅ 10 −18 𝑚 

2 

nd (ii) 𝑘 𝑝𝑒𝑟𝑚 = 6 . 25 ⋅ 10 −18 𝑚 

2 . 
16 
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Fig. 35. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑘 𝑝𝑒𝑟𝑚 sensitivity analysis). 

Fig. 36. Dependency of the tube depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑘 𝑝𝑒𝑟𝑚 
sensitivity analysis). 
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Fig. 37. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑘 𝑝𝑒𝑟𝑚 
sensitivity analysis). 

Fig. 38. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑘 𝑝𝑒𝑟𝑚 sensi- 

tivity analysis). 

Fig. 39. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length ( 𝑘 𝑝𝑒𝑟𝑚 sensitivity analysis). 
As expected, higher values of the tube permeability involve higher

mount of energy needed for the operation of the infrastructure (i.e.,

 𝑑𝑒𝑝𝑟 + 𝐸 𝑝𝑟 ). As a consequence, the proposed optimization manages to

djust the tube pressure, 𝑝 𝑡𝑢𝑏𝑒 (see Fig. 35 ) such that, for a higher value

f 𝑘 𝑝𝑒𝑟𝑚 , the tube pressure is increased with respect to the values ob-

ained for the original value assumed for 𝑘 𝑝𝑒𝑟𝑚 in order to minimize the

ncrease of 𝐸 𝑑𝑒𝑝𝑟 (see Fig. 36 ) and 𝐸 𝑝𝑟 (see Fig. 37 ). On the contrary, for

 lower value of 𝑘 𝑝𝑒𝑟𝑚 , the optimization identifies lower tube pressure

evels with respect to those obtained in correspondence of the original

alue adopted for 𝑘 𝑝𝑒𝑟𝑚 . As a result, 𝐸 𝑑𝑒𝑝𝑟 and 𝐸 𝑝𝑟 present an average

ifference of 7% with respect to the values obtained with the original

alue adopted for 𝑘 𝑝𝑒𝑟𝑚 . It is also worth observing that different tube’s

perating pressures have an impact on the capsules’ energy consump-

ion 𝐸 𝑐𝑎𝑝𝑠 (see Fig. 38 ) that exhibits changes of 10% − 11% with respect

o the values obtained to the original value adopted for 𝑘 𝑝𝑒𝑟𝑚 . In Fig. 39 ,

he average energy consumption does not exhibit a significant change. 
17 
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Fig. 40. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑚 0 sensitivity analysis). 

Fig. 41. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑚 0 sensitiv- 

ity analysis). 
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Fig. 42. Dependency of the tube depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑚 0 
sensitivity analysis). 

Fig. 43. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 ( 𝑚 0 
sensitivity analysis). 

Fig. 44. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length ( 𝑚 0 sensitivity analysis). 
.7.4. Variable 𝑚 0 (passive mass of the capsule) 
As for the other parameters, the sensitivity analysis is carried out by

arying the original value assumed for 𝑚 0 (i.e., 6000 𝑘𝑔 for the passive

echanics + 4000 𝑘𝑔 for the passengers = 10000kg) by adding a weight

f 20% and 40% more with respect to the original value assumed for this

arameter, namely: (i) 𝑚 0 = 12000 𝑘𝑔 and (ii) 𝑚 0 = 14000 𝑘𝑔. 

Fig. 40 shows that the optimisation problem identifies solutions with

 difference in the tube pressure of about 20% with respect to the results

btained with the original value of 𝑚 0 . The energy consumption of the

apsules, 𝐸 𝑐𝑎𝑝𝑠 , is correspondingly decreased by 6% with respect to the

esults obtained with the original value of 𝑚 0 as shown in Fig. 41 . The

eduction of the energy needed by the capsules is shifted in a corre-

ponding increase of the energy needed by the infrastructure ( 𝐸 𝑑𝑒𝑝𝑟 and

 𝑝𝑟 shown in Fig. 42 and Fig. 43 ) respectively. The overall result is,

owever, unchanged as the optimization identifies operating conditions

or which the energy per-passenger-per-km remains practically the same

ompared to the one obtained in correspondence of the original mass 𝑚 0 
s shown in Fig. 44 . 
18 
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Fig. 45. Dependency of the LIM’s efficiency, 𝜂𝐿𝐼𝑀 

, with the speed of the capsule, 

𝑣 . 

Fig. 46. Dependency of the VSI’s power factor, 𝑐𝑜𝑠 ( 𝜙) , with the speed of the 

capsule, 𝑣 . 
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Fig. 47. Dependency of the optimal operational internal pressure of the tube, 

𝑝 𝑡𝑢𝑏𝑒 , with 𝑇 𝑑𝑒𝑝𝑟 (propulsion sensitivity analysis). 

Fig. 48. Dependency of capsules network energy, 𝐸 𝑐𝑎𝑝𝑠 , with 𝑇 𝑑𝑒𝑝𝑟 (propulsion 

sensitivity analysis). 

Fig. 49. Dependency of the tube depressurization energy, 𝐸 𝑑𝑒𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 
(propulsion sensitivity analysis). 
.7.5. Variables 𝜂𝐿𝐼𝑀 

( 𝑣 ) , 𝑐𝑜𝑠 ( 𝜙)( 𝑣 ) (LIM efficnecy and power factory 
xpressed as a function of the capsule’s speed) 

The efficiency ( 𝜂𝐿𝐼𝑀 

) and power factor ( 𝑐𝑜𝑠 ( 𝜙) ) of a high-speed

IM designed at the Authors’ laboratory for Hyperloop applications are

hown here below as a function of the capsule speed (see Fig. 45 and

ig. 46 ). In the optimisation problem (13) , instead of using constant val-

es, these two functions we have been imposed for the LIM’s efficiency

nd power factor as a function of the speed of the capsule. As shown in

ig. 47 , the proposed optimization identifies a lower tube pressure (in

he range of −15% ) with respect to the results obtained for 𝜂𝐿𝐼𝑀 

= 0 . 65
nd 𝑐𝑜𝑠 ( 𝜙) = 0 . 6 . The lower tube operating pressure is identified to com-

ensate for the larger losses in the capsule propulsion system associ-

ted to 𝜂𝐿𝐼𝑀 

( 𝑣 ) , 𝑐𝑜𝑠 ( 𝜙)( 𝑣 ) . Indeed, the energy needed for the capsules,

 𝑐𝑎𝑝𝑠 , exhibit an increase of 20% as shown in Fig. 48 while the energy

eeded by the infrastructure, 𝐸 𝑑𝑒𝑝𝑟 + 𝐸 𝑝𝑟 , remains practically unvaried

s shown by Fig. 49 and Fig. 50 . As shown in Fig. 51 , the energy per-

assenger-per-km exhibit a small increase with respect to the results

btained for 𝜂 = 0 . 65 and 𝑐𝑜𝑠 ( 𝜙) = 0 . 6 . 
𝐿𝐼𝑀 
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Fig. 50. Dependency of the air leaks compensation energy, 𝐸 𝑝𝑟 , with 𝑇 𝑑𝑒𝑝𝑟 
(propulsion sensitivity analysis). 

Fig. 51. Total energy need per number of passengers and per km, 𝐸 𝑟 , as a func- 

tion of 𝑇 𝑑𝑒𝑝𝑟 for each trajectory length (propulsion sensitivity analysis). 
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Fig. 52. Gabrielli-Kármán diagram showing the comparison of Hyperloop with 

electrical vehicles and electrical trains. 
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. Conclusions 

In this paper, we have proposed an operational-driven optimal-

esign framework of a Hyperloop system. The framework is capable

f addressing fundamental questions related to the design of this new

ransportation mode, namely: (i) assess the optimal pressure inside a

yperloop tube to minimize its global energy consumption; (ii) deter-

ine the minimal energy need passenger and per km, (iii) understand

hether there is a strong link between the infrastructure operation and

he capsule’s design and (iv) understand whether, or not, a magnetic

evitation system affects the energy consumption of the capsule. 

In this respect, we have proposed a comprehensive optimisation

ramework capable of linking the operation of a network of Hyperloop

apsules, the model of the Hyperloop infrastructure and the model of the

apsule’s propulsion and kinematics in view of the inherent coupling be-

ween the tube environmental conditions (i.e., its operational pressure)

nd the motion of the capsules along the trajectory. 

We have quantified the (strong) impact of the operational strat-

gy of the Hyperloop infrastructure on the energy consumption of the

ntire system. More specifically, for depressurization periods in the

ange of few days, the energy-per-passenger-per-km can reach high val-

es (especially for long trajectories) with best values in the range of

00 − 225 𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅𝑘𝑚 
. Therefore, the first conclusion is to enforce de-

ressurization periods ≥ 21 𝑑𝑎𝑦𝑠 as, depending on the length of the

rajectory, the energy-per-passenger-per-km can fall in the range be-
20 
ween [20 , 30] 𝑊 ℎ 

𝑝𝑎𝑠𝑠𝑒𝑛𝑔𝑒𝑟 ⋅𝑘𝑚 
, thus making this transportation mode energy-

ompetitive with respect to electric trains. Indeed, we have shown that

or values of depressurization periods in the order of few days, the dom-

nant use of energy is given by both process energy and depressurization

nergy, and for values of depressurization periods in the range between

2 𝑑 𝑎𝑦𝑠 to 168 𝑑 𝑎𝑦𝑠 , the energy need of the infrastructure is of the same

rder of magnitude of the energy used by the capsules. For higher val-

es of depressurization periods, the energy used by the capsules becomes

ominant 

Regarding the capsule’s optimal cruising speed, the obtained results

ave shown that, in order to minimise the total energy required by

he whole Hyperloop system, the capsules have to travel at a sub-sonic

peed. 

The proposed framework has also allowed to determine the optimal

ressures inside the tube to be in the range from 2 . 82 𝑚𝑏𝑎𝑟 to 76 . 92 𝑚𝑏𝑎𝑟
or a length of trajectory of 226 𝑘𝑚 , from 1 . 17 𝑚𝑏𝑎𝑟 to 54 . 5 𝑚𝑏𝑎𝑟 for a length

f trajectory of 500 𝑘𝑚 and from 1 . 14 𝑚𝑏𝑎𝑟 to 17 . 25 𝑚𝑏𝑎𝑟 for a length of

rajectory of 1000 𝑘𝑚 . Note that, for the same value of depressurization

eriod, the optimisation problem determines the increasing tube oper-

ting pressures for larger trajectory length. 

Furthermore, the proposed optimisation has shown that the magnetic

evitation is responsible of a dramatic increase the capsule’s masses, en-

rgy needs as well as peak power requirements. Therefore, it is quite

lear from these results that Hyperloop capsules have to rely on drag-

ess magnetic levitation solutions especially if the energy reservoir is

mbedded in the capsule. 

Compared to other electrical transportation modes, such as electri-

al vehicles (EVs) and electrical trains (ETs), it is worth mentioning

hat Hyperloop represents an energy-efficient and high-speed solution.

uch a conclusion is supported by the Gabrielli-Kármán diagram shown

n Fig. 52 where the best energy need per-passenger-per-km obtained

n this paper for the Hyperloop system are compared with the cor-

esponding values for ETs and EVs taken from Ruangjirakit [42] and

ndersson [43] . Indeed, for a similar or lower values of energy need

er-passenger-per-km, the Hyperloop system can offer higher maximum

peeds compared to the other two main electrical transportation modes

aking it a viable solution for intra-continental travels. 
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