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Abstract—Rail decarbonization is a popular topic in the transportation industry. The transition from diesel-fed trains on 

unelectrified routes to hybrid trains or infrastructure electrification has been widely studied. However, previous studies rarely 

considered the installation of pantographs, fuel cells, and battery packs on multi-mode trains. This paper proposes an approach 

to evaluate and optimize the performance of multi-mode trains. It aims to achieve the minimum total cost, including multi-mode 

train conversion and route rebuilding costs, energy costs, and other maintenance costs. A simulator was developed to compute 

energy consumption, journey time, and onboard device replacement for multi-mode trains on discontinuously electrified routes. 

An evaluation has been made using the fitness function for the total cost and journey time to rank the new optimal method. A 

particle swarm optimization (PSO) algorithm was used to find the optimal solution. For the case study of the rebuilding plan from 

London St. Pancras to Leicester, before the energy price change, the optimal train costs are 34.9% less than the benchmark diesel 

train. After considering the future increase in energy prices, the benefits of the optimal train with low energy consumption become 

more significant to 40.4%. 

Index Terms—Multi-mode train, railway electrification, cost evaluation, optimization 

 

I. INTRODUCTION 

he energy price for both diesel and electrified railways has been increasing annually [1]. Railways generate a large 

amount of greenhouse gas due to their high energy consumption. The UK government has claimed that all diesel-only 

trains will be removed by 2040. Electrification is a way to decrease energy consumption. Seventy per cent of the 

European railway network is electrified, and about 80% of trains run on an electrified route [1]. However, although only 

42% of railway routes are electrified in the UK [2], the government cancelled the electrification project for the Cardiff to 

Swansea route, the Oxenholme to Windermere branch, and the Kettering to Nottingham and Sheffield route as part of the 

Midland Main Line due to financial problems [3]. 
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Many researchers have studied electrical railway power system improvement by cutting energy consumption. Some have 

focused on operation strategies like energy saving by changing the regeneration strategy and using an optimal train driving 

strategy for actual train operation or different traction modes [4-6]. Power supply system energy control and motor traction 

control were considered to maximize regenerative energy and tested in reality by Iannuzzi and Tricoli [7]. System-level 

energy consumption evaluation has been developed and optimised using a Monte Carlo algorithm running on a DC railway 

power system [8, 9]. Zhang et al. researched an operation that supplies AC load using DC energy recovered by an inverter 

to save overall cost [10]. However, most tracks in the UK are discontinuously electrified due to historical and financial issues. 

To achieve decarbonization before 2040, the UK government has stated the operation of bi-mode trains which combine diesel 

and pantograph power systems. A study of discontinuous electrification evaluated the performance of different trains on the 

Northern Trans-Pennine route [11]. Another study of bi-mode trains and discontinuous electrification illustrated the 

advantages of bi-mode trains by comparing bi-mode, diesel, and pantograph operation on discontinuously electrified Great 

Western Main Line routes [12]. However, most electrification energy efficiency research is based on a fully electrified route, 

and most hybrid train research only compares the advantages of existing hybrid trains. Still, it does not further optimize the 

power distribution in multi-mode trains. 

A new self-powered supply system powered by cleaner energy should be applied to replace diesel power during 

electrification gaps. Some researchers have used energy storage systems, including batteries and hydrogen fuel cells, to take 

the place of diesel power. A review of energy storage systems was carried out by Hannan et al. to present each battery and 

fuel cell [13]. Some studies focused on the battery pack; for example, to increase the overall energy efficiency of the railway, 

a battery pack is used to store regenerative energy during electrical braking [14-16]. Kleftakis and Hatziargyriou explained 

a novel optimization method to maximize recovered energy on a route with reversible substations and a wayside storage 

system. Their wayside battery pack has a simple control system, only charging and discharging between train and battery 

[17]. Yang et al. proposed a battery pack energy management strategy by adjusting the charging and discharging threshold 

voltage to maximize the use of the energy storage system. However, the wayside energy storage system is based on an 

electrified route, not well-fit discontinuous electrification [18]. The shortcoming of using a battery pack as a self-power 

supply system is the capacity limits. 

Hybrid trains combining a battery pack and other power supply systems such as fuel cells can overcome the capacity limit 

problem [19-23]. A hybrid vehicle model simulator has been developed by Gao using the Powertrain System Analysis Toolkit 

(PSAT) and Advanced VehIcle SimulatOR (ADVISOR) based on experiential models [24]. A feasibility study for a hybrid 

train showed a comparison between a fuel cell energy supply system combined with an ultra-capacitor and a Li-ion battery 

but without considering regeneration [25]. An optimal control strategy for a fuel cell/supercapacitor hybrid tramway has 

been used to reduce hydrogen consumption [26] further. Torreglosa et al. tried to add a hydrogen fuel cell to the Urbos 3 

tramways, operating in Spain to save energy [27]. That research on energy storage systems did not consider a combination 
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with electrification, which has much higher energy efficiency; doing so could further decrease the energy cost. Hence, the 

battery is only a tool to save regenerative energy without connecting with the overhead line. 

Most previous studies have not considered the combination and distribution of those novel power supply systems and train 

operation in hybrid train research. When discussing train conversion, most researchers think only about the capability of the 

power system but not the conversion cost. This paper aims to demonstrate a financially effective plan for converting diesel 

engine trains and route electrification during an operation period. Three different kinds of energy supply systems are 

combined as the new supply system to power trains on discontinuously electrified routes. The highlights of this paper are as 

follows: 

⚫ Multi-mode train powered by pantograph, hydrogen and battery simulator is developed. 

⚫ The dynamic battery pack model is controlled by its state and train performance. 

⚫ Multi-energy usage is optimized by a specific energy management strategy. 

⚫ The cost model includes initial financial cost and further operation cost. 

⚫ An adaptive particle swarm optimization is used to find the optimal cost solution. 

The structure of this paper is organized as follows: Section I explains the current situation of changes to railway energy 

supply methods. Section II shows train supply systems and operation management. Section III presents the methodology for 

evaluating the plan using the cost function and an improved PSO algorithm. Section IV demonstrates a case study of the 

rebuilding plan for the route from London St. Pancras to Leicester and train conversion. An existing diesel train is compared 

with converted trains in different electrification scenarios. Estimated energy price changes are considered to forecast the 

effect of rising energy prices on the simulation results. 

II. ENERGY SUPPLY SYSTEM DISTRIBUTION 

A. Multi-Mode Energy Flow 

Most rail lines are partly electrified in the UK. On discontinuously electrified routes, the power supply is divided into two 

parts: overhead line power to the motor as the main or only supply system on the electrified part, and a self-powered traction 

system such as hydrogen fuel cells and battery pack, to supply power to the motor together, on the non-electrified part. 

Making the best use of electrification is an effective way to save energy costs, and a self-powered traction system is also 

necessary when no overhead line is accessible. A train traction system powered by a multi-mode power system is applied in 

this situation. The hydrogen fuel cell (HFC) train can operate on the track regardless of the discontinuous electrification. 

Similar to diesel train, HFC train consumes fuel to drag them. The onboard hydrogen fuel cell can produce electricity by 

consuming hydrogen. The electricity can be sent to the motor, converted to kinetic energy. 

Train traction movement depends on Newtonian motion equations as equation (1). 

𝑚(1 + 𝜆)𝑎 = Ftra −𝑚𝑔𝑠𝑖𝑛(𝛼) − Fres − 𝐹𝑏𝑟𝑎 (1) 
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𝐹𝑟𝑒𝑠 = (𝐴 + 𝐵𝑣 + 𝐶𝑣2) (2) 

where m is the mass of the train and 𝑎 is train acceleration/deceleration rate. The inertial effect, also called the rotary 

allowance, 𝜆 = 8%, and 𝛼 is the angle of the slope. The resultant force consists of the traction force Ftra, gravity force mg 

in the direction of movement, and resistance according to the Davis equation, where A, B, and C are the Davis equation 

constants; 𝑣 is the operation velocity. The braking force 𝐹𝑏𝑟𝑎  is produced by the combination of electrical braking and 

mechanical braking. Traction power is supplied by the motor powered by a multi-mode power system, and the effort is 

inversely proportional to velocity. 

 Ftra = 𝜂𝑡𝑟𝑎𝑖𝑛 × (𝑃𝑑𝑒𝑚𝑎𝑛𝑑/𝑣) (3) 

 𝑃𝑑𝑒𝑚𝑎𝑛𝑑 = 𝑃𝑃𝑎𝑛 + 𝑃𝐹𝐶 + 𝑃𝐵𝑃_𝑑𝑖𝑠𝑐ℎ  (4) 

 Fbra = 𝑃𝑏𝑟𝑎/𝑣 (5) 

where 𝜂𝑡𝑟𝑎𝑖𝑛  is the efficiency of the train set as 85% typically, and 𝑃𝑃𝑎𝑛 , 𝑃𝐹𝐶 , and 𝑃𝐵𝑃_𝑑𝑖𝑠𝑐ℎare the output power of the 

pantograph, hydrogen fuel cell, and battery pack, respectively. The sum of power supply system is equal to the power demand 

of traction motor 𝑃𝑑𝑒𝑚𝑎𝑛𝑑. The braking force Fbra depends on the braking power and its operating speed.  
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Fig. 1.  Energy flow 

Seven kinds of energy flow inside the trains are shown in Fig. 1. Energy from the pantograph ①, fuel cell ②, and battery 

pack ③ connect to the power bus ④. Electrical energy on the power bus ④ is converted into mechanical energy ⑤ by the 

motor and sent to the wheels through the gearbox to push the train forward. When the train is braking, kinetic energy ⑥ and 

potential energy ⑦ are regenerated to electricity and sent back to the power bus ④. Any electricity on the power bus which 

is not consumed can charge the battery pack ③. 
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In equation (6), the energy consumption from each source integrates the power supplied by different systems. In this paper, 

the battery pack energy consumption ∆𝐸𝐵𝑃 will be charged through a transmission line. When considering the use of battery 

pack energy, the difference in the energy remaining in the battery pack in kWh is given by equation (7). 

 

{
 
 

 
 𝐸Hy_C =

∫𝑃𝐹𝐶𝑑𝑡

𝜂𝐹𝐶

𝐸Ele_C =
∫𝑃𝑃𝑎𝑛𝑑𝑡 + ∆𝐸𝐵𝑃/𝜂𝐵𝑃

𝜂Pan

 (6) 

 ∆𝐸𝐵𝑃 = (𝑆𝑂𝐶𝑓𝑖𝑛 − 𝑆𝑂𝐶𝑖𝑛𝑖) × 𝐶𝑎𝑝𝑎𝐵𝑃  (7) 

where 𝐸Hy_C and 𝐸Ele_C represent hydrogen and electrical energy consumption; 𝜂𝐹𝐶  and 𝜂Pan are the energy efficiency of the 

hydrogen fuel cell and pantograph before injection to trains; 𝜂𝐵𝑃 is the battery pack efficiency; and 𝐶𝑎𝑝𝑎𝐵𝑃  is the battery 

pack capacity. 𝑆𝑂𝐶𝑓𝑖𝑛 and 𝑆𝑂𝐶𝑖𝑛𝑖  are the battery state of charge when the train arrives at the terminal station and departs 

from the start station, respectively. 

B. Traction Simulation 
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Fig. 2.  Simulator flow chart 

Traction simulation simulates the movement of trains by traction and the power system over the whole route. In the first 

two steps of Fig. 2, train and route reconstruction are sent to the simulator to represent upgrading the original train and route. 

Train reconstruction considers converting a diesel train to a multi-mode train using hydrogen fuel cell power and battery 

power, and route reconstruction considers extending the length of electrified track. For the loop to calculate train traction, 
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this simulator is computed based on the distance domain (discretization distance space Δ𝐷). At the beginning of each space, 

the power system status is the same as that at the end of the previous space. As equation (8) shows, train velocity at the end 

of discretization space 𝑉(𝑖) is calculated according to the acceleration/deceleration rate in equation (1) and the end velocity 

of previous space  𝑉(𝑖 − 1). Time consumed Δ𝑇(𝑖) in any space is calculated by the average velocity in each step i: 

 𝑉(𝑖) = √𝑉(𝑖 − 1)2 + 2 × 𝑎 × Δ𝐷 (8) 

 Δ𝑇(𝑖) =
2 × Δ𝐷

𝑉(𝑖 − 1) + 𝑉(𝑖)
 (9) 

Then, all energy consumption in the current space i can be determined and updated to the power systems; the status at the 

end of step is determined and set as the start status of the next step i+1. Once that has been completed for all spaces (whole 

journey), the completed performance of train operation can be shown. 

C. Energy Management Strategy 

The use of the multi-mode energy source is controlled by the energy management system. This paper identifies four 

driving scenarios according to differences in train operation and route electrification. A default management strategy is set 

to cover these driving scenarios, as shown in Fig. 3. 
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charge battery
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Braking Traction 
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NoYes

Output pantograph, fuel 

cell and battery power
 

Fig. 3.  Flow chart for the energy management system 

1) Traction on Electrified Route 

On an electrified route, the overhead line can supply all the power needed by the motor and battery pack. Because of the 

highly high-power supply, the battery pack is always charged at its maximum charging power on electrified routes. 



 7 

2) Traction on Non-Electrified Route with Low Power Demand 

Less traction power is demanded if the train is operating in a low-speed acceleration stage or a low traction-force stage 

like cruising or going downhill. The fuel cell can charge the battery pack if motor power demand 𝑃𝑑𝑒𝑚𝑎𝑛𝑑  is below the fuel 

cell maximum power 𝑃𝐹𝐶 𝑀𝐴𝑋 as shown in equation (10). 

 𝑃𝐵𝑃_𝑐ℎ = 𝑃𝐹𝐶 𝑀𝐴𝑋 − 𝑃𝑑𝑒𝑚𝑎𝑛𝑑 (10) 

where 𝑃𝐵𝑃_𝑐ℎ is the charging power of the battery pack. 

3) Traction on Non-Electrified Route with High Power Demand 

When the train operates in high power demand situations such as high speed or high traction force, if the installed fuel cell 

does not have high output power, it no longer meets the power demand. The maximum power 𝑃𝐹𝐶 𝑀𝐴𝑋 is sent to the power 

bus, and the battery pack is discharged to compensate for the power demand as given by equation (11). The battery pack 

stops discharging when the state of charge (SOC) is below the low operation limit. The ∆𝐸𝐵𝑃 in equation (7) is the battery 

pack energy changes. It should also be equal to the sum of battery pack discharging power 𝑃𝐵𝑃_𝑑𝑖𝑠𝑐ℎ  minus the sum of battery 

pack charging power 𝑃𝐵𝑃_𝑐ℎ after considering the battery pack efficiency. 

 𝑃𝐵𝑃_𝑑𝑖𝑠𝑐ℎ = 𝑃𝑑𝑒𝑚𝑎𝑛𝑑 − 𝑃𝐹𝐶 𝑀𝐴𝑋  (11) 

 ∆𝐸𝐵𝑃 =
∫𝑃𝐵𝑃_𝑑𝑖𝑠𝑐ℎ 𝑑𝑡

𝜂𝐵𝑃
− 𝜂𝐵𝑃 ×∫𝑃𝐵𝑃_𝑐ℎ 𝑑𝑡 (12) 

Overall, on a non-electrified route, the hydrogen fuel cell is the primary power supply system, whereas the battery pack 

only compensates for peak power demand. 

4) Braking Stage 

At the braking stage, the regenerative braking and non-regenerative braking work simultaneously. When the train operates 

electrical braking, the generator regenerates high power to charge the battery through the power bus. The resting power that 

cannot transfer to the power saving in the battery pack is consumed by non-regenerative brakings, such as disc braking. 

Regenerative power from the generator has the highest charging priority. If the regenerative power is not as high as battery 

maximum charging power, the overhead line electricity charges the battery to compensate for the charging power. But if the 

train is braking in non-electrification part, the fuel cell charges battery by taking the overhead line. In this paper, the 

combination braking power Pbra is always set as its maximum value, as equation (13) shows. For each kind of train, the 

braking power, braking force, and deceleration have their cap value (maximum value), respectively. 

 
𝑃𝑏𝑟𝑎 = 𝑃𝑟𝑒𝑔𝑒𝑛 + 𝑃𝑛𝑜𝑛−𝑟𝑒𝑔𝑒𝑛  (13) 

 
𝑃𝑏𝑟𝑎 ≤ 𝑃𝑏𝑟𝑎𝑚𝑎𝑥  

𝐹𝑏𝑟𝑎 ≤ 𝐹𝑏𝑟𝑎𝑚𝑎𝑥  
(14) 
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𝑎𝑏𝑟𝑎 ≤ 𝑎𝑏𝑟𝑎𝑚𝑎𝑥  

III. METHODOLOGY 

A. Cost Calculation 

The total cost 𝐶𝑡𝑜𝑡𝑎𝑙 can be separated into three different parts: initial cost 𝐶𝑖𝑛𝑖, energy cost 𝐶𝑒, and replacement cost 𝐶𝑟𝑒𝑝 

as shown in equation (15). 

 𝐶𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑖𝑛𝑖 + 𝐶𝑒 + 𝐶𝑟𝑒𝑝 (15) 

1) Initial Cost 

Initial cost includes train conversion cost 𝐶𝑐𝑜𝑛𝑣 and route rebuilding cost 𝐶𝑟𝑜𝑢𝑡𝑒 𝑟𝑒𝑏, as shown in equation (16). 

 𝐶𝑖𝑛𝑖 = 𝐶𝑐𝑜𝑛𝑣 + 𝐶𝑟𝑜𝑢𝑡𝑒 𝑟𝑒𝑏 (16) 

𝐶𝑐𝑜𝑛𝑣 as shown in equation (17) includes the essential fixed rebuilding cost 𝐶𝑓𝑖𝑥𝑒𝑑  which includes the cost of the motor, 

circuit, converter, and other components, and the cost of the battery pack and its associated components 𝐶𝐵𝑃, as well as fuel 

cell cost 𝐶𝐹𝐶  and hydrogen tank cost 𝐶𝐻𝑦_𝑡. Besides, the number of converted trains are counted as 𝑁𝑡𝑟𝑎𝑖𝑛𝑠. Equation (18) 

shows two different parts of 𝐶𝑟𝑜𝑢𝑡𝑒 𝑟𝑒𝑏 . Normal route cost 𝐶𝑛𝑜𝑟𝑚𝑎𝑙  includes electrification infrastructure and the cost of 

refurbishing the route from the ends of the electrified part to the terminal station except for tunnels. Tunnel electrification 

cost is calculated separately as 𝐶𝑡𝑢𝑛𝑛𝑒𝑙 because it is much higher due to the complications of rebuilding tunnels or bridges 

compared with regular routes. 

 𝐶𝑐𝑜𝑛𝑣 = 𝑁𝑡𝑟𝑎𝑖𝑛𝑠 × (𝐶𝑓𝑖𝑥𝑒𝑑 + 𝐶𝐵𝑃 + 𝐶𝐹𝐶 + 𝐶𝐻𝑦_𝑡) (17) 

 𝐶𝑟𝑜𝑢𝑡𝑒 𝑟𝑒𝑏 = 𝐶𝑛𝑜𝑟𝑚𝑎𝑙 + 𝐶𝑡𝑢𝑛𝑛𝑒𝑙  (18) 

2) Energy Cost 

Diesel train and multi-mode train energy costs are calculated in equations (19) and equation (20) separately. For diesel 

trains, the energy cost 𝐶𝑒𝑑𝑖𝑒𝑠𝑒𝑙 only includes diesel consumption according to diesel fuel price 𝑃𝑟𝐷 , engine power 𝑃𝐸𝑛𝑔𝑖𝑛𝑒  

and its efficiency 𝜂𝐸𝑛𝑔𝑖𝑛𝑒 , whereas the cost for a multi-mode train considers both hydrogens 𝐸Hy_C and electricity 𝐸Ele_C 

energy consumption multiplied by their price PrH and PrE , respectively. Supposing the energy price 𝑃𝑟 changes annually 

and the price change slope 𝑎 is same as that in recent decades, the fuel price in the j-th year is shown in equation (21). 

assuming all trains run as planned by using 𝑁𝑎𝑛𝑛𝑢 fuel each year, the total cost 𝐶𝛽of energy 𝛽 (either diesel, hydrogen, or 

electricity) in the 40 years is given by equation (22). 

 𝐶𝑒𝑑𝑖𝑒𝑠𝑒𝑙 = 𝑃𝑟𝐷 ×
∫𝑃𝐸𝑛𝑔𝑖𝑛𝑒𝑑𝑡

𝜂𝐸𝑛𝑔𝑖𝑛𝑒
 (19) 
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 𝐶𝑒𝑚𝑢𝑙𝑡𝑖−𝑚𝑜𝑑𝑒 = PrH × 𝐸Hy_C + PrE × 𝐸Ele_C (20) 

 𝑃𝑟𝛽(𝑗) = 𝑃𝑟𝛽(𝑖) × (1 + 𝑗 × 𝑎) (21) 

 C𝛽 = 𝑁𝑎𝑛𝑛𝑢 ×∑𝑃𝑟𝛽(𝑗)

40

𝑗=1

 (22) 

3) Replacement Cost 

Usually, all equipment has an estimated life cycle. On reaching the end of its lifespan, it should be replaced. In this paper, 

the battery pack 𝐶𝐵𝑃 𝑟𝑒𝑝, fuel cell system 𝐶𝐹𝐶 𝑟𝑒𝑝, and traction system equipment 𝐶𝑚𝑜𝑡𝑜𝑟 𝑟𝑒𝑝 are considered, and their costs 

are summed as 𝐶𝑟𝑒𝑝 in equation (23). The battery pack need to be replaced due to its degradation. Every time it charges or 

discharges, the degradation effect of the materials would reduce the battery capacity [28]. If the maximum capacity decreased 

to approximately 75%, it would be considered failed [29]. In this paper, the measurement of battery usage is the depth of 

discharge. The sum of all state of charge changes due to energy discharging is counted as the total depth of discharge. The 

replacement of the battery pack is determined according to the times of its lifespan depth of discharge 𝐷𝑂𝐷𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 and total 

depth of discharge as in equation (24). However, the replacement period for the fuel cell and the motor is assumed as a fixed 

period of years as 𝑦𝑒𝑎𝑟𝐹𝐶 𝑝𝑒𝑟𝑖𝑜𝑑  and 𝑦𝑒𝑎𝑟𝑚𝑜𝑡𝑜𝑟 𝑝𝑒𝑟𝑖𝑜𝑑  in equation (25) and equation (26). Except for the replacement cost, 

the first-time system installation cost is included in 𝐶𝑐𝑜𝑛𝑣. 

 𝐶𝑟𝑒𝑝 = 𝐶𝐵𝑃 𝑟𝑒𝑝 + 𝐶𝐹𝐶 𝑟𝑒𝑝 + 𝐶𝑚𝑜𝑡𝑜𝑟 𝑟𝑒𝑝 (23) 

 
𝐶𝐵𝑃 𝑟𝑒𝑝 = 𝐶𝐵𝑃 × (

∫
𝑃𝐵𝑃𝑑𝑖𝑠𝑐ℎ
𝐶𝑎𝑝𝑎𝐵𝑃

𝐷𝑂𝐷𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛
− 1) 

(24) 

 𝐶𝐹𝐶 𝑟𝑒𝑝 = 𝐶𝐹𝐶 × (
𝑦𝑒𝑎𝑟𝑡𝑜𝑡𝑎𝑙

𝑦𝑒𝑎𝑟𝐹𝐶 𝑝𝑒𝑟𝑖𝑜𝑑
− 1) (25) 

 𝐶𝑚𝑜𝑡𝑜𝑟 𝑟𝑒𝑝 = 𝐶𝑓𝑖𝑥𝑒𝑑 × (
𝑦𝑒𝑎𝑟𝑡𝑜𝑡𝑎𝑙

𝑦𝑒𝑎𝑟𝑚𝑜𝑡𝑜𝑟 𝑝𝑒𝑟𝑖𝑜𝑑
− 1) (26) 

B. Optimization Algorithm 

PSO is an optimization algorithm attributed to Kennedy, Eberhart, and Shi to simulate birds' movement [30]. Hu has used 

adaptive PSO with multiple adaptive methods (MAM) and Son based on a kernel support vector machine to improve its 

convergence speed and exploration capability [31, 32]. This paper discovers the optimal result by a simple adaptive PSO. 

Fig. 4 shows the flow chart of optimization. The details of train simulator and fitness function block are shown in Fig. 6.  

Step 1: A set of railway rebuilding plans with variables initialized by random values and related modelling data are input 

to the optimization program. 

Step 2: Those railway rebuilding plans are simulated based on a railway route and evaluated by the fitness function.  
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Step 3: The results are ranked according to their fitness value, and the overall best plan and individual best plan are 

recorded.  

Step 4: If the overall best plan meets the stop condition, it will be sent to Step 6. Otherwise, all plans are forward to Step 

5. 

Step 5: All plans need to be updated according to PSO's updating method. Besides, new plans out of the variables range 

need to be adjusted and then sent back to Step 2 with those plans located inside the range. 

Step 6: Output the best plan. 

 

Fig. 4.  Flow chart of the optimization 

1) Optimization Variables 

The optimal variables in this paper are battery pack power 𝑃𝐵𝑃, hydrogen fuel cell power 𝑃𝐹𝐶 , new electrified regular route 

length 𝐿𝑁𝐸And new electrified tunnel length 𝐿𝑇𝐸. In these four variables, 𝑃𝐵𝑃 and 𝑃𝐹𝐶  present the trains conversion. They 

represent the new train power distribution in battery packs and hydrogen fuel cells.  𝐿𝑁𝐸  and 𝐿𝑇𝐸  are related to route 

rebuilding. The route rebuilding has a considerable cost impact due to its high infrastructure fees. Besides, a more extended 

electrification section means the train can get more high-efficient, high-power overhear wire electricity. That can influence 

trains operation performance with the different design of other two variable factors. Hence, the energy cost is finally different. 

Regarding the route rebuilding variables, it is supposed that part 1 is currently the existed electrified route, whereas Part 

2 to Part 8 is not electrified, as Fig. 5 shows. When a train operates on an existing and newly electrified route, it can gain 

energy from an overhead line. Because electrification projects typically extend from the current electrified route, new 

electrification starts from the present electrified part to the terminal. In this optimization, the length of the yellow part is to 
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be optimized. These parts are electrified, including the regular route of Part 2, Part 4, and Part 7 and tunnels of Part 3 and 

Part 5. Part 6 tunnel and Part 8 usual route remain unelectrified. 

 

Fig. 5.  Electrification variables 

2) Fitness Function and stops condition 

 

Fig. 6.  Calculation of fitness value 

The evaluation method combines a multi-mode train simulator and a fitness function block. Fig. 6 shows the contents of 

the input and output of the evaluation. The block of multi-mode train simulator detail is shown in Fig. 2. Equation (27) gives 

the fitness function, including the total cost and the journey time factor (TF). The total cost is the spent money on conversion, 

rebuilding, and future operation cost in the unit of GBP. Besides, the time factor TF shows the profit or penalty due to journey 

time difference in equation (28) with the same unit of GBP. If the journey time 𝑇𝑗 exceeds the maximum time limit 𝑇𝑡𝑎𝑟𝑔𝑒𝑡 , 

a time penalty is applied. However, the time profit is varied according to the optimization requirement. If the optimization 

recommends reducing journey time, the 𝜅𝑝𝑟𝑜𝑓𝑖𝑡 is negative and set as a greater absolute value. For those optimizations which 

requiring no obvious journey time changes, the 𝜅𝑝𝑟𝑜𝑓𝑖𝑡 can set as 0 or positive. 

 𝑓(𝑃𝐵𝑃 , 𝑃𝐹𝐶 , 𝐿𝑁𝐸 , 𝐿𝑇𝐸) = 𝑇𝐹 + 𝐶𝑡𝑜𝑡𝑎𝑙  (27) 

 𝑇𝐹 = {
𝜅𝑝𝑟𝑜𝑓𝑖𝑡 × (𝑇𝑗 − 𝑇𝑡𝑎𝑟𝑔𝑒𝑡)     𝑖𝑓 𝑇𝑗 < 𝑇𝑡𝑎𝑟𝑔𝑒𝑡

𝜅𝑝𝑒𝑛𝑎𝑙𝑡𝑦 × (𝑇𝑗 − 𝑇𝑡𝑎𝑟𝑔𝑒𝑡)    𝑖𝑓 𝑇𝑗 > 𝑇𝑡𝑎𝑟𝑔𝑒𝑡
 (28) 

where 𝑇𝑡𝑎𝑟𝑔𝑒𝑡  is the target journey time; 𝜅𝑝𝑟𝑜𝑓𝑖𝑡 is the time profit coefficient for earliness and 𝜅𝑝𝑒𝑛𝑎𝑙𝑡𝑦 is the time penalty 

coefficient for tardiness. It takes more time to recharge the battery pack to its initial state if the final SOC of the battery pack 

is lower than the initial state. That extra time is also considered as journey time except for operation time 𝑇𝑜𝑝. 

1 2 3 4 5 6 7

2 4 7

3 5

Normal electrification 

extension length

Tunnel electrification 

extension length

8
Discontinuous 

electrification

 Multi-mode Train Simulator Fitness function
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-Battery usage

-Conversions 

-Journey time

-Energy consumption
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Fixed data:

-Operation lifetime

-Energy price
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 𝑇𝑗 = 𝑇𝑜𝑝 +
∆𝐸𝐵𝑃
𝑃𝐵𝑃_𝑐ℎ

 (29) 

 Determining the optimal plan found condition depends on the best fitness value changes. If the best fitness value 

changes rate 𝐶𝑅𝑓𝑖𝑡𝑛𝑒𝑠𝑠 over several iterations is less than a convergence coefficient, the optimization program can be 

stopped. 

 𝐶𝑅𝑓𝑖𝑡𝑛𝑒𝑠𝑠 =
𝑓𝑛𝑒𝑤 𝑏𝑒𝑠𝑡 − 𝑓𝑜𝑙𝑑 𝑏𝑒𝑠𝑡

𝑓𝑜𝑙𝑑 𝑏𝑒𝑠𝑡
 (30) 

 

3) Optimization Variables Update 

The primary variable optimization principle is demonstrated in Fig. 7. Updating of the variables' change rate in each 

iteration as shown in equation (31) and equation (32) depends on the last change rate inertia 𝜔𝑉(𝑖)
(𝑛)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

, cognitive component 

𝑐1 × 𝑟1 × (𝑋𝑖𝑏𝑒𝑠𝑡
𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑋𝑖

𝑛⃗⃗⃗⃗  ⃗), and social component 𝑐2 × 𝑟2 × (𝑋𝑔𝑏𝑒𝑠𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ − 𝑋𝑖

𝑛⃗⃗⃗⃗  ⃗) which are related by the difference to the individual 

best point 𝑋𝑖𝑏𝑒𝑠𝑡
𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  and group best point 𝑋𝑔𝑏𝑒𝑠𝑡

⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  ⃗ respectively. 

Individual best

Group best

Current Variable

Old update rate

Individual best 

adjudgment Group best 

adjudgment 

New update rate

Next Variable

 

Fig. 7.  Individual update 

 

𝑉(𝑖+1)
(𝑛)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  

= 𝜔𝑉(𝑖)
(𝑛)⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  
+ 𝑐1 × 𝑟1 × (𝑋𝑖𝑏𝑒𝑠𝑡

𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑋𝑖
𝑛⃗⃗⃗⃗  ⃗)

+ 𝑐2 × 𝑟2 × (𝑋𝑖𝑏𝑒𝑠𝑡
⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  − 𝑋𝑖

𝑛⃗⃗⃗⃗  ⃗) 

(31) 

 𝑋𝑖+1
𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  = 𝑋𝑖

𝑛⃗⃗⃗⃗  ⃗ + 𝑉𝑖
𝑛⃗⃗⃗⃗  ⃗ × 1 (32) 

4) Constraints and adjustment 

As the optimizing variables, the four variables (𝑃𝐵𝑃 , 𝑃𝐹𝐶 , 𝐿𝑁𝐸 , 𝐿𝑇𝐸) have their constraints. The minimum value of each 

variable is set as 0, whereas the maximum constraint of the battery pack is 1000 kW and that of the hydrogen fuel cell is 

2240 kW; the regular route and tunnel rebuilding lengths are set as the length of the simulated unelectrified route. If the 

updated plan variables exceed the constraints, the value of the variable 𝑋𝑖+1
𝑛⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗  will be set as the edge (maximum or minimum) 

value and the variables change rate 𝑉𝑖+1
𝑛⃗⃗ ⃗⃗ ⃗⃗  ⃗

′
is opposite to avoid exceeding the constraint again. 
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 𝑉𝑖+1
𝑛⃗⃗ ⃗⃗ ⃗⃗  ⃗

′
= −𝑉𝑖+1

𝑛⃗⃗ ⃗⃗ ⃗⃗  ⃗ (33) 

IV. CASE STUDY 

A. Simulation Data 

1) Route Selection 

The selected simulation route is from London St. Pancras to Leicester (158.54 km), part of the Midland Main Line, with 

six intermediate stations, as shown in Fig. 8. The black line shows line speed restrictions. The first half of the route, with 

79.46 km from London St. Pancras station to Bedford station, is electrified. Besides that, there are 11 tunnels located on the 

rest of the route, which is not electrified [33, 34]. A two-direction operation is considered to obtain more accurate 

optimization results; from the start station, trains operate to the terminal station and then run back. 

 

Fig. 8.  Line altitude, stations and speed limit from St. Pancras to Leicester [33] 

2) Battery Characteristics 

TABLE I 

SIMULATION BATTERY PACK CHARACTERISTICS 

Objectives  Value 

Working SOC range lowest 0.1 

highest 1 

Discharging rate 5C 

Charging rate CC  2C 

CV  0.1C 

 

The battery used in this paper is the 𝐿𝑖𝐹𝑒𝑂4 battery. As TABLE I shows, the battery has its working SOC range. The 

maximum discharging power is the optimizing variable in the discharge mode, and its capacity depends on that power. When 

the SOC is below 0.93, the constant current (CC) charging mode is active during charging. Once the SOC is above the 

threshold, the charging mode is switched to a constant voltage charging mode[35, 36]. 
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3) Train Conversion Design 

TABLE II 

TRAIN CONVERSION CHARACTERISTICS 

Objectives  Value  

Overhead line energy efficiency 87% 

Hydrogen fuel cell efficiency Varied 

Diesel engine efficiency 30% 

Battery charging/discharging efficiency 94% 

Diesel engine system 6.78 tonnes/car 

Electrical motor system 4 tonnes/train 

Battery pack system 20 kg/kW 

Fuel cell system 7.2 kg/kW 

Hydrogen tank (350 Pa) 0.66 kg/kWh 

The average train lifetime of 40 years is applied as the simulation time range; 12 Class 222 diesel trains are assumed to be 

converted, and four cars are included in each train. The energy efficiency depends on the power supply system used as an 

energy source for the motor. The most efficient supply system is the overhead line (87%), whereas the diesel engine 

efficiency is lowest at 30%. At the same time, supposing the hydrogen fuel cell efficiency is not fixed at its maximum value. 

The efficiency from converting hydrogen to electricity is varied, and it is a function of its output power. According to the 

research by Qi Li, the efficiency keeps rising to around 52%, which is the peak efficiency during the output power increased 

to 20 kW. And it is almost linearly decreasing if the output power gets higher, to 45% once output power reaches its 

maximum power of 100 kW [26]. The efficiency curve can be roughly plotted as Fig. 9. 

 

Fig. 9.  Hydrogen fuel cell efficiency vs fuel cell output power 

It is assumed that the train weight will change when considering train conversion design. There is a fixed weight change 

when considering diesel train to electric train, whereas the power system weight is varied depending on its designed capacity 

or power [20, 22]. Those system power-weight ratio data is from the HydroFLEX 1.1 project at the University of 

Birmingham. HydroFLEX is the UK's first hydrogen fuel cell-powered train, which was already mainline tested in 2019. 

4) Data for Cost Calculation 

TABLE III 

PRICE OF DIFFERENT OBJECTIVES 
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Objectives Price  

Fixed cost £40k/car 

Battery system £217/kWh 

Fuel cell system £43/kW 

Hydrogen tank £8/kWh 

Normal route electrification £1.8 M/ptk  

Tunnel electrification £7.5 M/ptk 

Diesel fuel £0.13/kWh 

Hydrogen fuel £0.3/kWh 

Electricity  £0.1/kWh 

The price of train conversion, route rebuilding and fuel are listed in TABLE III. Like train weight, the train conversion 

cost varies according to power system design. The route rebuilding cost is counted as its length, and there are two rebuilt 

tracks in each line [37]. The replacement period is variable depending on the equipment type. The lifespan of the battery 

pack is 3000 full-depth charges. A new hydrogen fuel cell needs to be installed on a train every 40 years. The hydrogen fuel 

tank should be replaced every 20 years [22, 35, 38, 39]. The 𝜅𝑝𝑟𝑜𝑓𝑖𝑡 in this paper is 0 because this study aims to find an 

optimal plan without much journey time changes, at the same time, the 𝜅𝑝𝑒𝑛𝑎𝑙𝑡𝑦  is set as £40 per minute delay[40, 41]. 

B. Single-Mode Train Results 

TABLE IV 

SINGLE-MODE TRAIN AND ROUTE DESIGN PLANS, ENERGY CONSUMPTION, AND COST 

Train/route plan Weight 

[tonnes] 

Diesel 

engine 

power 

[kW] 

𝑷𝑩𝑷 

[kW] 

𝑷𝑭𝑪 

[kW] 

𝑳𝑵𝑬 

[km] 

𝑳𝑻𝑬 

[km] 

Journey 

time [s] 

Traction energy 

consumption 

[kWh] 

Fuel energy 

cost [£] 

Energy 

cost saving 

Benchmark diesel 

train 

214 2240 0 0 0 0 9340.3 2190.6 1116.8 0 

Hydrogen train 215.38 0 0 2240 0 0 9346.3 2196.1 1682.4 −50.6% 

Full electrification 

(except tunnels) 

190.88 0 0 0 76.11 0 9135.2 2134.6 288.65 74.15% 

Full electrification 190.88 0 0 0 76.11 2.97 9116.2 2137.4 289.03 74.12% 
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Fig. 10.  Diesel and HFC train velocity curve from St. Pancras to Leicester 

Details for single-mode trains each run are shown in TABLE IV. It offers the different parameters related to those 

optimized variables and the performance of single-mode trains, including diesel, hydrogen fuel cell, and electric train on full 

electrification with and without tunnel electrification. There is almost the same performance for diesel and hydrogen fuel 

cell trains but still some differences. It shows that the hydrogen fuel cell train has a journey time of 6 s (0.06%) longer than 

the diesel train. Furthermore, the difference in traction energy is 0.25%, less than the 0.64%which is the weight difference. 

More traction energy is consumed by a hydrogen train, even though better transfer efficiency contributes to 48.67% less fuel 

energy consumption than for a diesel train. Although the price of hydrogen per kWh is 2.3 times that of diesel, the hydrogen 

train energy cost for each run is 50.6% higher than for the diesel train. From Fig. 10, at any location, the speed of the diesel 

train is higher than that of the hydrogen train. That is because diesel trains can faster change their speed no matter acceleration 

or deceleration, with the same maximum power supply. When the train is at the acceleration stage, the hydrogen train reaches 

its power cap before the diesel train, and then its acceleration becomes lower due to no higher power supported. 

The average velocity for both electrification scenarios is higher than for the benchmark diesel train. This is mainly because 

the electric train is lighter than the others and has greater acceleration power. These two energy costs are nearly the same, a 

saving of around 74% compared with the benchmark diesel train. TABLE IV also shows that more traction energy is 

consumed by a hydrogen train than any pantograph train. Broadly speaking, this is due to a hydrogen train being heavier 

than other trains, so it needs more energy to drag it forward. In detail, this paper considers three operation stages during the 

journey: acceleration, cruising, and braking. The traction energy consumed by the diesel and pantograph trains is obviously 

less than for the fuel cell train. Those lighter trains speed up to maximum velocity earlier and enter the cruising stage, 

demanding less power. However, qualitative analysis is hard to compare the energy consumption during the entire cruising 

stage. On the one hand, the hydrogen fuel cell train has a shorter cruising time than the diesel train. On the other hand, as 

said above, the power demand for the fuel cell train in the cruising stage is higher than for others. 
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Fig. 11.  Velocity of pantograph trains on the fully electrified route (with or without tunnel electrification) between Bedford and Wellingborough 

 
Fig. 12.  Overhead line power of pantograph trains on the electrified route between Bedford and Wellingborough 

The speed differences between the two electrification scenarios are due to energy support in tunnels. There are nine tunnels 

located between Bedford and Wellingborough. The train should be in traction mode in the first seven tunnels and braking 

mode in the other two tunnels before Wellingborough. Velocity drops in unelectrified tunnels can be seen in Fig. 11. However, 

their drops are not apparent. The most significant reduction inside a tunnel is in the Sharnbrook Tunnel, the seventh tunnel 

where speed decreases by 6 km/h, from 80km/h to 74 km/h. Those tiny drops in speed make the journey time in the non-

electrified tunnels scenario slightly longer than for the electrified tunnels scenario, by less than 19 s in TABLE IV. Due to 

speed drops in tunnels, after leaving the unelectrified tunnel and connecting with an overhead line, the train gains maximum 

power instead of balanced cruising power in Fig. 12 and then speeds up to the balance speed as shown in Fig. 11. 

C. Optimal Multi-Mode Train 

Fig. 13 shows the velocity curve of the optimal train for a two-direction run. According to the result optimized by adaptive 

PSO, the optimal train has an 800 kW battery pack installed onboard without any hydrogen fuel cell. Besides that, the 

electrification of the regular route is extended for another 53.35 km before Market Harborough without any extra 

electrification for the tunnels. At the beginning of the electrified route, the battery pack starts charging from the overhead 

line from a SOC of 20%, the initial SOC, and it releases energy in the non-electrified tunnels to keep the traction system in 

operation in Fig. 14. The route is still unelectrified between Market Harborough and Leicester. There is a self-traction system 
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on the train to run back using the fuel cell and battery pack. The final journey time is 9340 s, the same as the diesel train. 

The train operation is not getting slower because the delay penalty is too high, and the energy cost saving cannot cover the 

time penalty. 

 

Fig. 13.  The velocity of the optimal train in up and down directions 

 
Fig. 14.  Optimal train battery pack SOC 

Due to no fuel cell installation, the optimal train only spends battery and overhead line energy on traction. From Fig. 14 

and Fig. 15, it can be seen that the battery pack is charging in a constant voltage charging stage during the whole trip as its 

SOC has never been over 93%. Inside the tunnel between Bedford and Market Harborough, the traction system uses the 

battery pack to provide energy even though there is electrical braking before the terminal. Around the route of the terminal 

station, the train is running on the unelectrified route, and the SOC of the battery pack becomes low. Afterwards, it gets 

charged again once returned to the electrified route. When the whole route is completed, the battery pack is charged high. 
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Fig. 15.  Optimal train battery pack and pantograph power 

TABLE V 

OPTIMIZATION RESULTS 

Train/route plan Initial cost 

[£M] 

Lifetime energy 

cost [£M] 

Replacement cost 

[£M] 

Time penalty 

[£M] 

Fitness value 

[£M] 

Cost saving 

Benchmark diesel train 0 554.37 0 0 554.37 0 

Hydrogen train 9.36 835.15 5.99 2.00 852.50 -53.78% 

Full electrification (except 

tunnels) 

275.92 143.29 0 0 419.20 24.38% 

Full electrification 365.02 143.48 0 0 508.49 8.28% 

Optimal train 194.02 160.47 1.87 4.56 360.92 34.90% 

TABLE V shows the cost detail and fitness value for all scenarios. The HFC train has the lowest initial cost in the list of 

converted trains as there are no route rebuilding fees; it has a high energy cost because of the high price of hydrogen, although 

it uses less fuel energy than a diesel train. Moreover, the extra weight of the hydrogen fuel cell train produces its time penalty 

even with the same power output. Because of the lighter train bodyweight, the two full electrification scenarios take less time 

and are faster than the diesel trains. Although the train performance is almost the same, there is a considerable cost difference 

between the two electrification scenarios. From a cost point of view, train conversion cost and energy cost are nearly the 

same. However, investment in tunnel electrification is too expensive: 65.71% of the total cost of the route with no tunnel 

electrification is for electrification infrastructure; that percentage for full electrification including tunnels is even higher at 

71.69%. The extra cost of tunnel electrification, extending the usual double-track route for another 25 km, is around £89 

million. The route for the optimal train is still discontinuously electrification. Hence the initial cost is smaller than for full 

electrification. Also, its energy cost is not much higher than for the full electrification scenarios, so the total cost and fitness 

value are extremely low on the list. Hence, these three plans with electrification have a much higher initial cost, but the 

energy cost is relatively low, so that the total cost is less than for the hydrogen train. 
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Fig. 16. Total cost without energy price change in 40 years 

Fig. 16 shows the cost accumulation of the different scenarios over the entire 40 years. Calculating costs using current 

energy prices, the optimal train is the most economical after 20 years of operation. Diesel fuel is currently much cheaper 

than hydrogen, so that the annual operation cost, including energy and maintenance costs, for a diesel train is less than for 

an HFC train. The initial cost of investment in electrification is also too high, though the subsequent energy cost is much 

lower than a fuel train. 

 

Fig. 17.  Total cost with energy price changes in 40 years 
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TABLE VI 

FINAL COST AFTER ENERGY PRICE CHANGES 

Train Final cost [£M] 

Benchmark diesel train 792.19 

Hydrogen train 1176.2 

Full electrification (except tunnels) 522.59 

Full electrification 612.02 

Optimal train 472.14 

 From 1996 to 2020, diesel prices in the UK increased from £0.58 per liter to £1.25 per liter, whereas electricity prices rose 

about 6% per year since 2000 [42-44]. According to the prediction study, the hydrogen price has only increased by 2.2% 

each year since 2015 [45]. To unify the start year of each kind of energy price change rate, the energy base price is chosen 

from 2020. In this situation, diesel, electricity, and hydrogen price change rates are 2.2%, 3.7%, and 2%, respectively. After 

considering the fuel price change, the cost accumulation is shown in Fig. 17, and the estimated final cost of each scenario is 

listed in TABLE VI. Even hydrogen got the lowest energy rise during the following years; its final fitness value is 

exceptionally high, 19% higher than the benchmark diesel train. The main reason is that the base hydrogen fuel price limits 

HFC train financial-economic. According to the price prediction, the hydrogen fuel is £0.54 per kWh whereas diesel fuel is 

£0.24 per kWh after 40 years. Although electricity has a higher price increase rate, two scenarios with extended electrification 

did not profit less than before energy price changes due to low energy consumption. At the same time, the optimal train is 

still the best among those trains—40.4% less cost than diesel train. 

D. Hydrogen fuel cells train future probability 

The main reason why hydrogen fuel cell train does not get competitiveness is the high fuel price as further optimization 

under the hypothesis of lower hydrogen fuel price. If the current hydrogen price can be reduced to 74.07%, HFC can be 

considered to be installed in the optimal multi-mode train. Besides, once the price decreases by 29%, it can get a higher 

benefit than electrification. Therefore, the hydrogen fuel cell& battery pack train is more financially efficient. 

 

  

V. CONCLUSIONS 

This paper shows a method for converting the current diesel trains to multi-mode trains and rebuilding discontinuously 

electrified routes to minimize the total cost in the next 40 years in an environmentally friendly way within journey time 

requirements. An adaptive PSO algorithm is used to search for the optimal train conversion and route rebuilding plan 

depending on evaluating the fitness function value calculated by financial cost and journey time cost. A case study of Class 

222 train conversion and route rebuilding from London St. Pancras to Leicester has been researched. Compared with the 

benchmark diesel train and other conversion or rebuilding scenarios in the case of fixed energy price, the optimal train 

conversion and route rebuilding plan cost 34.9% less than the environmentally harmful diesel train. After considering energy 
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price alterations, electric trains are more competitive in the case of low energy consumption, as fuel trains will incur a 

considerable increase in energy costs. The optimal train gets a higher cost reduction to 40.4%. Electrification of tunnels is 

too expensive compared with the regular route so that currently, there is no need to electrify short tunnels. If the hydrogen 

base price can decrease significantly, the HFC train can be competitive among those upgrading methods. In future work, 

other factors like traffic demand difference, headway difference, and traffic management will be considered to be discussed 

together as the optimization variables. 
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