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Abstract A near-term strategy to reduce emissions from

rail vehicles, as a path to full electrification for maximal

decarbonisation, is to partially electrify a route, with the

remainder of the route requiring an additional self-powered

traction option. These rail vehicles are usually powered by

a diesel engine when not operating on electrified track and

are referred to as bi-mode vehicles. This paper analyses the

benefits of discontinuous electrification compared to con-

tinuous electrification using the CO2 estimates from a

validated high-fidelity bi-mode (diesel-electric) rail vehicle

model. This analysis shows that 50% discontinuous elec-

trification provides a maximum of 54% reduction in

operational CO2 emissions when compared to the same

length of continuously electrified track. The highest emis-

sions savings occurred when leaving train stations where

vehicles must accelerate quickly to line speed. These

results were used to develop a linear regression model for

fast estimation of CO2 emissions from diesel running and

electrification benefits. This model was able to estimate the

CO2 emissions from a route to within 10% of that given by

the high-fidelity model. Finally, additional considerations

such as cost and the embodied CO2 in electrification

infrastructure were analysed to provide a comparison

between continuous and discontinuous electrification.

Discontinuous electrification can cost up to 56% less per

reduction in lifetime emissions than continuous electrifi-

cation and can save up to 2.3 times more lifetime CO2 per

distance electrified.

Keywords Railway electrification � CO2 reduction �
Discontinuous electrification � Bi-mode rail vehicle

1 Introduction

In order to achieve the net-zero carbon emissions target by

2050, the UK government aims to stop the sale of internal-

combustion-only cars by 2035 and remove all diesel-only

railway traction by 2040 [1, 2]. The UK’s commitment to

decarbonisation is in conjunction with the global effort to

reduce carbon emissions and is supported by its rail

transport sector [3].

Currently, about 38% of UK’s rail network is electrified

and 70% of all passenger rail vehicles are electric [4].

Decarbonisation may require most, if not all, of the net-

works to be electrified since electrified traction produces

the lowest operational carbon emissions for rail transport

[5]. Current decarbonisation plans suggest electrification of

85% of the remainder of the network, with battery and

hydrogen propulsion used for 8% and 5% respectively,

leaving 2% with no clear electrification business case

[3, 6].

Electric traction on more intensively used sections of the

routes also provides the least whole-life carbon footprint,

and delivers faster, more reliable, quieter services and is

less polluting than diesel [3]. In addition, for long-distance

high-speed and rail freight services on the UK railway,

electrification is the only suitable option compared to

hydrogen and battery powered technologies since only

electric traction can provide the performance necessary to

deliver services in accordance with operational
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requirements [6]. Electric trains also provide lower

cumulative emissions than hydrogen trains [7].

If a given route is to be fully electrified, which can be

costly at £1 M/STK (single-track kilometre) to £2.5 M/

STK [6], and before this electrification is completed other

modes of rail transport such as hydrogen, battery and bi-

mode vehicles, which run either on diesel or on power

supplied by overhead line equipment (OLE) when it is

available, offer short-term carbon-reduction solutions.

Reducing energy consumption in railways directly leads

to reduction in CO2 emissions, and previous research has

looked at driver interventions, which can reduce the total

energy consumption by up to 20% [9, 10]. Operational

energy consumption (the energy consumption of a vehicle

in operation rather than its embodied energy) of a hydro-

gen-hybrid powered train has been studied in [11], and Ref.

[8] presents that of diesel, electric and bi-mode trains. Both

works considered high-level models rather than the more

detailed component-level model employed here. The latter

also only considered constant vehicle operational speed

without acceleration or deceleration. In terms of energy

efficiency, previous studies in this area have focussed on

high-level calculations and lower speed rail vehicle beha-

viour [12, 13].

Most of the electrified mainline UK rail network uses

OLE that is energised at 25 kV AC, the remainder uses

750 V DC third-rail electrification. This paper focuses on

25 kV OLE as this comprises the larger proportion (68%)

of the UK’s network [14].

Continuous electrification has been necessary to avoid

prolonged loss of power supply to solely electric trains

[15]. Bi-mode electric/diesel trains have recently become

available, reducing the use of diesel trains on routes that

are partly electrified, and opening up the possibility of

discontinuous electrification. Continuous electrification

presents a challenge if the route includes multiple tunnels

and bridges that may require raising or lowering the tracks,

or are laid on the side of hills and tight corners [16],

increasing the cost of electrification significantly. In such

cases, discontinuous electrification is more suitable and can

offer a better business case based upon capital cost con-

siderations. Discontinuously or intermittently electrified

track is defined here as an electrified track that has one or

more unelectrified sections.

There is very limited prior research that has investigated

electrification with high-definition vehicle models. In [16],

an electric multiple unit (EMU) train with modest energy

storage device was simulated and able to complete a 5-km

non-electrified route with sufficient performance. A feasi-

bility of discontinuous electrification over the 7-km-long

Severn Tunnel was studied in [15] where both diesel and

electric trains were able to complete the journey. The

Severn Tunnel was fully electrified in 2020.

The novelty of this paper is in its utilisation of a vali-

dated high-fidelity bi-mode rail vehicle model to investi-

gate the benefits of discontinuous and continuous

electrification on the CO2 emissions of rail transport.

Section 2 summarises the construction and validation of

the high-fidelity vehicle model. Section 3 uses this model

to investigate the emissions from an example route and

develop a method for near-optimal discontinuous electri-

fication, comparing this to continuous electrification. Sec-

tion 4 develops a linear regression model to estimate CO2

emissions from a given route and compares the discontin-

uous electrification suggested by this model to the results

from the high-fidelity model. Section 5 expands the prob-

lem to include the effects of cost and embedded carbon

dioxide emissions on the justification for discontinuous and

continuous electrification.

2 Rail vehicle model

The work reported here extends and improves upon the

model initially described in [17]. An overview of this

model is given in Fig. 1. The model has independent

modular components that can be swapped for another of

the same type, similar to functional mock-up units (FMUs)

[18].

The rail vehicle investigated is theHitachi AT300 product

family (Class 800, 801 and 802, here denoted as 80x) of

trains currently being introduced onto the UK rail network.

Class 800 and 802 are a 5 or 9 car bi-mode (25 kV electric/

diesel) trains capable of operating at up to 225 km/h [19].

Class 801 are similar but are 25 kV electric trains with only a

single engine-generator set for emergency power and low-

speedmovement away fromOLE. The 5-car version of Class

802 is used in this study. The energy storage device was not

implemented because it is not present in bi-mode trains, but

due to the modular characteristics of the model, it can easily

be added.

2.1 Timetable and routes

The route studied in this paper is London Paddington to

Plymouth via Westbury (shown in Fig. 2), with

timetable data obtained from OpenTrainTimes [20]. The

speed limits on the route were taken from the Network

Rail’s national electronic sectional appendices for June

2019 [21].

2.2 Train driver

The train driver model is responsible for accelerating up to

and maintaining the speed limit and decelerating no faster
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than a given deceleration rate. The driver controller G sð Þ is
given by

G sð Þ ¼ K i

s
þ Kp

� �
ve; ð1Þ

where s is the Laplace operator, K i and Kp are integral and

proportional coefficients of 0.5 Am�1 and 550 Asm�1,

respectively, and ve ¼ vd � v is the velocity error with v

and vd being the actual and desired train velocities. v is

obtained by integrating the vehicle equations of motion,

while vd is calculated in small increments by the

timetable block using the station positions and speed limit

data. Then, G sð Þ produces the desired current to the motors

and generators using ve.

2.3 Train dynamics and properties

The train parameters and properties were obtained from

publicly available information [19] and are given in

Table 1. A 40% passenger loading, which is typical in

operational calculations for this route, with each passenger

weighing 90 kg was used in all simulations [22].

The acceleration of the train is determined by the sum of

the forces acting on it, which is given byX
F ¼ Fa � Fd þ Fg

� �
¼ ma; ð2Þ

where m is the train mass and a is the train acceleration; Fd

is the aerodynamic and rolling resistance drag given by the

Davis coefficients:

Fd ¼ Aþ Bvþ Cv2; ð3Þ

and in the absence of the Davis coefficients for the Class

80x, the coefficients of Class 180 diesel train are used in

Table 1; Fg is the gradient force due to gravity given by

Fg ¼ mg sin hð Þ; ð4Þ

where m is the train mass, g is the acceleration due to

gravity (9.8 ms-2), and h is the angle from the sea level to

the forward inclination of the track. The force available to

accelerate the train is the traction force from electric

motors Fa minus the drag and gradient forces.

Timetable Driver Inverter

Electric motor Gearbox Train
properties

External
effects

DC busAuxiliary power
supply

Controllable
rectifier Generator Diesel engine

Transformer

OLE

Train speed

Key:

System
component

Power flow

Information flow

Energy storage

Fig. 1 Components of the train model. OLE—overhead line equipment [17]
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2.4 Deceleration and braking

The Class 80x trains use electro-dynamic braking, blended

with friction braking at low speeds (this blending is not

modelled in detail in the simulation). In electric mode, the

power generated is fed back into the OLE at an assumed

40% regeneration efficiency. In diesel mode, the energy is

dissipated in resistors on the roof of the vehicle. The target

deceleration rate for slowing into stations of 0.4 ms-2 was

used.

2.5 Auxiliary power requirements

Based on discussions with rail operators, the so-called hotel

load—the power required to run air compressors, heating,

lighting and air conditioning—was set to 20 kW per train.

In some environments, this can be up to 50 kW per train

for modern units, but depends on environmental and

loading conditions [24].

2.6 Diesel engine and generator

The diesel engine model used in this simulation was based

on a model of a heavy goods vehicle [25] scaled to match

the specifications of the class 80x train engines [26]. More

information on the dynamics of the engine/generator set is

available in [17].

2.7 Overhead line equipment (OLE) and bi-mode

operation

It is assumed that the OLE functions as a perfect power

source, supplying sufficient power for the electric motors to

run at their maximum power output. It is possible that

power from the OLE can be restricted, due to the number

of trains on a single section of OLE. This has not been

modelled here, but the model allows this to be incorporated

through a simple power limit.

Not currently electrified
Electrified section

0 km 50 km 100 km

Fig. 2 London to Plymouth and Paignton route [17]

Table 1 Model input parameters for the Class 80x 5-car train [17, 19, 23]

Property Value Property Value

Train tare mass 243,000 kg Assumed load factor 40%

Total number of vehicles per train 5 Average passenger mass 90 kg

Number of axles per vehicle 4 Diesel engine power* 700 kW

Number of motor vehicles per train 3 Maximum traction power* 800 kW

Number of powered axles per motor vehicle 4 Starting tractive effort* 80 kN

Seating capacity 326 Maximum brake rate 1 ms-2

Davis coefficients (Class 180)

A 4133 N C 5.832 Ns2m-2

B 38.88 Nsm-1

*These figures are per motor vehicle
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When there is OLE available, the desired power to the

motors and auxiliaries are provided by the OLE rather than

the diesel engine/generator set. When switching to non-

powered sections of track, the engine/generator set starts

immediately and provides the desired power.

2.8 Model validation

The energy usage and CO2 emissions predicted by the

model were validated using data gathered during a day of

testing in 2020. Example validation plots are given in

Fig. 3. In this case, the in-service train slowed down after

Westbury and after Taunton because of speed restrictions.

The model gave fuel consumption of 3.27–3.46 L/mile

and 0.016–0.017 L/(passenger�km)—in line with similar

rolling stock such as the Class 221 and Class 180. Further

details of the validation are given in [17].

3 CO2 emissions

3.1 Model results

Since the section of the route from London Paddington to

Newbury had already been electrified, the model was run

first in diesel and then in electric mode from Newbury to

Plymouth to compare the different CO2 footprints of each

traction mode. The results of this modelling are given in

Fig. 4.

The electrical power use PeðtÞ in watts is calculated as

Pe tð Þ ¼ Pem þ Paux ¼ nmViim þ 20000; ð5Þ

where Pem is the motor electrical power, Paux is the aux-

iliary power use, nm ¼ 12 is the total number of motors, V i

is the motor input voltage, and im is the single motor cur-

rent. The traction motor is modelled as a DC motor as

given in [17].

The CO2 emitted when running on OLE is calculated

using 231 g/kWh, the current carbon intensity of the UK’s

electricity grid [27]. In this case, the instantaneous CO2 in

g from electric traction is given by

mCO2;e tð Þ ¼ 231Pe tð Þ
3600� 1000

; ð6Þ

where mCO2;eðtÞ is the instantaneous mass of CO2 in g from

electric traction.

This equation is then integrated over the simulation time

to obtain the total CO2 emission for a given section or

route. As most countries (including the UK) shift towards

renewable energy generation, the carbon intensity of the

grid will decrease, improving the CO2 emissions benefits of

rail electrification.

Figure 4 shows that CO2 emissions are higher for both

traction modes when the vehicle is accelerating or going

uphill, as expected. The correlation to uphill cruising mode

can be seen at around 160 km into the journey where the

train cruises uphill and produces similar CO2 as if it were

accelerating in non-uphill sections, in both diesel and

electric traction. There are also larger differences in CO2

emissions for cruising versus acceleration for the train

running under electric traction.

3.2 Route analysis

It is clear from Fig. 4 that each part of the route is

responsible for differing CO2 emissions. The desire to find

an optimal discontinuous electrification strategy requires

analysis of the CO2 over given sections of the route to
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Fig. 3 Example model validation output [17]
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determine which have the highest CO2 emissions and

should therefore be electrified first.

To achieve this, the route from London Paddington to

Plymouth was divided into 40 sections, each 7 km long.

The highest precision would be gained from even shorter

sections (e.g. 1-km sections), but it was considered that

approximately 7-km sections struck a balance between a

minimum viable electrification project and useful conclu-

sions for the optimisation algorithm. The CO2 emissions

for each of these 40 sections, for both electric and diesel

traction, are given in Fig. 5.

Figure 5 shows that the CO2 emissions from diesel

traction are far greater than those from electric traction, as

expected. It also shows peaks in emissions for both diesel

and electric traction near stations, where the vehicle uses

large amounts of power to accelerate back up to line speed

after a station stop. The amount of CO2 saved for a given

section or percentage of route electrification is computed as

follows:

DmCO2
¼ mCO2;d � mCO2;e; ð7Þ

where DmCO2
is the mass of CO2 saved, mCO2;d is the mass

of CO2 emitted when running on diesel-only, and mCO2;e is

the mass of CO2 emitted when running on electricity.

If the CO2 savings from each sections are sorted from

largest to smallest (Fig. 6), then this gives a first-order

method for determining which sections should be electrified

first.

3.3 Comparison to continuous electrification

It is now possible to compare continuous electrification

from Newbury to Plymouth by comparing the amount of

CO2 saved versus the fraction of the route electrified. As

before, the train runs on OLE when it is present and runs on

diesel when it is not present, no further changes (for

example increasing coasting) have been made.

The results of this comparison are given in Fig. 7.

Discontinuous electrification shows diminishing returns as

more of the line is electrified, whereas continuous electri-

fication (electrifying incrementally starting from Newbury)
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runs, and d vertical profile from Newbury to Plymouth. D = diesel mode, and E = electric mode
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shows roughly linear reductions in emissions, with

notable jumps at each station.

Figure 7 shows that the maximum saving from discon-

tinuous electrification compared to continuous electrifica-

tion happens at 50% electrification, saving 282 kg of CO2

(a 54% reduction) on a single journey from Newbury to

Plymouth. It also shows that, as expected, the difference

between the strategies disappears at 100% of electrifica-

tion. Key extracts from the data in Figs. 6 and 7 are tab-

ulated in Table 2.

Table 2 shows which discontinuous sections are

involved at different percentage of route electrification and

how many stations this electrification would cover out of

the 8 stations identified in Fig. 5. It shows that at 20% of

electrification, all stations should be electrified. The

table also shows ‘orphan’ sections, whose neighbours are

not electrified. For example, at 60% of electrification, only

section 40 is ‘orphaned’, which means that the rest of the

sections have a minimum continuous length of about

14 km. However, section 40 is at Plymouth station, which

means that neighbouring sections are likely to be joined

with it as part of an electrification scheme.

Figure 8 gives another perspective on CO2 reductions in

terms of g/(passenger�km). It shows that the maximum

reduction in normalised CO2 from discontinuous electrifi-

cation compared to continuous electrification is at 22.5% of

electrification, with a similar second peak at 47.5%. The

maximum in this figure is different to that in Fig. 7, which

had its maximum at 50% discontinuous electrification. In

Fig. 7, the figures given are total CO2 saved, whereas

Fig. 8 gives the total CO2 emissions per passenger-kilo-

metre for the journey. For example, the maximum CO2

saved at 50% in Fig. 7 is the total CO2 emitted in the case

of continuous electrification minus the total CO2 emitted in

the case of continuous electrification at 50% of

-10
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electrification, whereas in Fig. 8, the CO2 emissions per

passenger-kilometre for a continuously electrified (CE)

section is determined by

mP
CO2;CE

¼ mCO2;CE þ mCO2;NE

lp
; ð8Þ

where mP
CO2;CE

is the mass of CO2 per passenger-kilometre

for a continuous-electrification use case, mCO2;CE is the

mass of CO2 emitted on the continuously electrified section

of the route, mCO2;NE is the mass of CO2 emitted on the

non-electrified (i.e. diesel-only) section of the route, l is the

length of the route, and p is the number of passengers per

train.

Thus, while Fig. 7 shows the total amount saved, Fig. 8

shows how much CO2 is still being emitted (normalised by

passenger-kilometres) at a given percentage of route elec-

trification; hence, they have different peaks.

The horizontal dashed red line in Fig. 8 also shows that

discontinuous electrification at 32.5% of the route emits the

same CO2 as continuous electrification at 50% of the route.

This means that discontinuous electrification saves 17.5%

of the route (48.6 km) from being electrified or approxi-

mately £97–243 million in double-track electrification in

the short term for the same amount of CO2 emissions [6].

4 Optimal discontinuous electrification

Optimal discontinuous electrification can be looked at as an

optimisation problem where the highest CO2 emitting

sections should be electrified first. These sections are likely

to be the high-power sections involving steep vertical

climbs, hard acceleration, or high-speed cruising. However,

the emissions map (emissions vs power) for the engine

[17, 25] is highly nonlinear, and thus it is not clear a priori

which sections of a given route should be electrified first.

4.1 Electrification approaches

A naı̈ve method to discontinuous electrification might be to

electrify the sections of track exiting each station, as the

acceleration away from stationary is power intensive, as

modelled in [17]. A second method would be to approach

the problem as above—running a high-fidelity model over

the track to find the sections of track with the greatest CO2

emissions and electrifying these sections first.

However, it can be time-consuming to run this high-

fidelity model over all possible timetabled routes for a

given network. Instead, a rule-based discontinuous elec-

trification method can be developed that guarantees near-

optimality of CO2 saved per distance of track electrified,

without having to run the high-fidelity model.

4.2 Rule-based optimal discontinuous electrification

As mentioned above, engineering judgement suggests that

sections of track with high-power demands should be

electrified first. However, the vehicle model and CO2

emissions map of the rail vehicle are nonlinear and there-

fore analysis must be undertaken to determine the corre-

lation between emissions and a range of different

parameters in order to develop a linear regression model. In

this case, the emissions of the rail vehicle under different

traction modes were compared against five relevant

parameters: instantaneous acceleration, instantaneous

velocity, route speed limit, gradient and mechanical power.

The results of this correlation are given in Table 3. It shows

Table 2 Comparison of CO2 savings between discontinuous and continuous electrification from Newbury to Plymouth

Electrification (%) CO2 saved (kg) Section Nos. (discontinuous electrification) No. of stations covered

Continuous Discontinuous Difference

20 436.04 225.57 210.47 21,28,40,10,15,6,3,1,33 8

40 701.19 459.09 242.10 21–22,28–29,40,10–11,15,6,33–36,1,29,,38,4 8

60 897.12 685.22 211.90 21–23,28–29,40,10–12,15–16,3–4,6–7,1–2,32–38 8

80 1050.10 889.16 160.84 20–23,28–29,40,1–13,15–17,31–40, 8

100 1166.76 1166.76 0 All 8
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Fig. 8 Effect of electrification on normalised CO2 per passenger-

kilometre
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that the highest correlation of CO2 is with the total traction

power demand in both traction modes.

For the rule-based analysis, the correlation between

instant CO2 emission and traction mechanical power PmðtÞ
is used, which is shown graphically for diesel taction only

in Fig. 9. The traction mechanical power is calculated as

Pm tð Þ ¼ nmxmsm; ð9Þ

where sm is the single motor torque, and xm is the motor

rotational speed that is estimated from vehicle speed as

xm ¼ vg
rw

;

with g and rw being the gear ratio and wheel radius,

respectively. These parameters are also given in [17].

The figure shows a nonlinear relationship between the

instant CO2 emission and PmðtÞ, which is expected since

there is a nonlinear relationship between instant CO2

emission and the engine power. However, from the corre-

lation, it is possible to investigate whether a linear relation

between traction mechanical power and CO2 emissions

allows the user to estimate optimal discontinuous electri-

fication strategy without having to run the high-fidelity

model over a route. In this case, the emissions of CO2

(mCO2;dðtÞ) from diesel traction can be estimated by

mCO2;d tð Þ � aPm tð Þ þ b; ð11Þ

where a and b for the Paddington–Plymouth route are 2.82

�10�5 and 108:437; respectively.

4.3 Validation of rule-based approach

The linear model developed above can now be applied to a

second example route to determine its optimality when

compared with the high-fidelity model. The rule-based

approach was applied to the route from Paddington in

London to Swansea in Wales. This route is electrified to

Cardiff (233 km), with the remainder of the route (73 km)

a candidate for discontinuous electrification to further

reduce carbon dioxide emissions. The analysis assumed

diesel traction for the entire route, despite the current

extent of electrification, to provide a route of similar length

to the original Paddington-to-Plymouth route.

The route from Paddington to Swansea was also divided

into 40 7.7-km sections, and Eq. (11) was used to estimate

the mass of CO2 from each of the sections. The high-fi-

delity model was then run over the same route and used to

generate a more accurate CO2 mass for each section. The

results of these two methods are given in Fig. 10. It shows

the difference between the total CO2 estimated from

Table 3 Correlation between instantaneous CO2 emission and different variables under different traction modes

Traction mode Correlation of instant CO2 emission with variable

Acceleration Velocity Speed limit Vertical gradient Traction mechanical power Pm

Diesel traction 0.53 0.51 0.40 0.30 0.81

Electric traction 0.68 0.39 0.28 0.29 0.99

0.81
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Fig. 9 Correlation of instant CO2 emission and traction mechanical power on diesel traction
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Eq. (11) using PmðtÞ for Paddington-Swansea and the total

CO2 obtained by running the high-fidelity train model over

the same route. The maximum individual section differ-

ence was 38%, and the total CO2 estimate from the linear

regression model was within 10% of the high-fidelity

model. This shows that while individual sections may

differ, the linear regression model provides a fast model for

estimation of CO2 emissions and the rapid estimation of

CO2 emissions benefits of intermittent electrification. In

this case, PmðtÞ used as the input into the regression model

for the Paddington-Swansea route was obtained by running

the high-fidelity model. In the absence of a high-fidelity

model, PmðtÞ could be estimated by other means such as

estimated speed and traction force profiles along a route.

5 Whole-life emissions modelling

The best way to decarbonise a railway is to electrify the

entirety of the network whilst decarbonising the energy

generation system. Discontinuous electrification in tandem

with bi-mode rail vehicles should be a transitional solution

on the path towards full electrification. If full electrification

is not the final goal, then the fraction of electrification will

depend on the considerations such as the carbon intensity

of energy generation and the capital cost and embodied

carbon dioxide in the electrification infrastructure.

This section will investigate the effects of including the

carbon dioxide embodied in the electrification infrastruc-

ture (embodied emissions) in the overall lifetime CO2

emissions (embodied emissions and operational emissions)

of the given route. It will also investigate the effect of this

on the cost per carbon dioxide saved for continuous and

discontinuous electrification scenarios.

5.1 Net CO2 saving

Making baseline assumptions of the properties of the rail

system (summarised in Table 4), it is possible to derive a

comparison between discontinuous and continuous

electrification and the net whole-life (embodied and oper-

ational) CO2 saved through the two methods of electrifi-

cation of the Newbury–Plymouth (currently unelectrified)

section of the Paddington–Plymouth route. This analysis

includes operational emissions (from running the trains)

and embodied emissions (from erecting electrification

infrastructure). The results of this analysis over a 50-year

horizon are given in Fig. 11.

Figure 11 shows that discontinuous electrification pro-

vides higher net CO2 savings per length of track electrified

than continuous electrification. The ratio between their net

CO2 savings reaches a maximum of 2.3 at 10% electrifi-

cation, and the difference between them reaches a maxi-

mum of 152 kt at 50% electrification. However, estimates

for the embodied CO2 in electrification systems vary, with

some sources reporting this to be as low as 96 tCO2/double-

track-km [30]. Several methods have been suggested for

reducing the embodied carbon dioxide in electrification

infrastructure, including reducing the weight of OLE masts

and optimising the depth of foundation piles [29].

5.2 Cost per carbon saved

As discussed above, the cost of electrifying a dual-track

route in the UK is approximately £ 2 M–5 M per kilometre

[6], with costs increasing if the route includes tunnels or

bridges [15]. In the near term, it may be reasonable to aim

for the lowest cost-per-carbon-dioxide-saved method of

electrification, as a cost-effective route to full

electrification.

Using an average value of £3.5 M per double-track-km

of electrification, it is possible to determine the cost (in

pounds) per kg of CO2 emissions prevented, and the results

of this analysis are given in Fig. 12. This shows that dis-

continuous electrification is a cheaper cost-per-carbon-

dioxide-saved method for steadily electrifying a given

railway than the equivalent continuous electrification case.

The peak difference between them is at 10% electrification,

where discontinuous electrification costs 56% less per unit
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of CO2 saved than continuous electrification of the same

length of track.

However, this analysis comes with several caveats: the

trade-off between continuous and discontinuous electrifi-

cation is dependent on the embodied CO2 in the electrifi-

cation infrastructure, as described in Sect. 5.1. In addition,

this is a first-order analysis using a fixed cost-per-kilometre

for electrification. Electrification is a difficult process to

cost accurately and depends upon many other factors

including infrastructure such as bridges, tunnels, junctions

and stations along the route. Furthermore, both electrifi-

cation strategies (discontinuous and continuous) are dif-

ferent paths towards complete electrification, which is the

only way to significantly reduce the CO2 emissions of rail

transport.

Also ignored for this analysis is the cost of the rolling

stock. Bi-mode rolling stock is more complex as it has two

power sources and is therefore more expensive than stan-

dard OLE-driven electric rolling stock. Additionally, this

study has not considered the additional embodied emis-

sions in the diesel engine-generator of a bi-mode rail

vehicle. It is likely that including this would tip the balance

towards full electrification at a lower percentage electrifi-

cation than presented in this study.

6 Additional considerations for intermittent
electrification

The analysis presented in this study has focussed on the

carbon dioxide and cost cases for intermittent electrifica-

tion as a transition pathway to a fully electrified rail net-

work. There are a range of challenges associated with

intermittent electrification that have not been considered

here. For example, intermittent electrification—when

compared to a continuous progressive electrification strat-

egy—is likely to prove more logistically challenging, as

the capital works equipment will have to be moved up and

down the line several times, as different portions are

electrified.

In addition, intermittent electrification poses difficulties

when it comes to joining up two sections that have already

been electrified. Each stretch of electrification will require

its own substation to power the length of OLE. When two

sections are subsequently joined (i.e. the section between

them is electrified), there will be two substations feeding

one section of OLE. This could be resolved by a small

neutral insert (uncharged section of OLE) between the

sections or by removing one of the substations. However,

this implies that the capital cost of intermittent electrifi-

cation could be higher due to increased number of sub-

stations when compared to a progressive electrification

plan.

Table 4 Assumed values for carbon-cost accounting

Parameter Value Units

Paddington–Plymouth and Plymouth–Paddington trains per day (tpd) 30 tpd

Electrification equipment life [28] 50 years

Cost of electrification (per double-track-km) [6] 2–5 £M

Embodied carbon in electrification equipment (per double-track-km) [29] 195 tCO2
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7 Conclusions

A high-fidelity model was used to determine the CO2

emissions of a bi-mode rail vehicle operating under electric

traction and diesel traction over the unelectrified section of

a UK rail route. It was shown that CO2 emissions for diesel

running are higher than those for electric running, and that

the CO2 from electric traction depends on the carbon

intensity of the electricity grid from which it is powered.

A near-optimal discontinuous electrification strategy

was devised whereby the route from Newbury to Plymouth

was split into 40 6.9-km sections and then sorted by CO2

emissions, with the highest-emitting sections to be elec-

trified first. When compared to continuous electrification

starting from Newbury, this discontinuous electrification

strategy saved more operational CO2 per electrified length,

to a maximum of 54% at 50% electrification. When nor-

malised to grams of CO2 per passenger-kilometre, dis-

continuous electrification has a maximum improvement of

12% over continuous electrification.

Linear regression was used to develop a simple model

for CO2 generation as a function of the traction power of

the train. When this was used to analyse a second route

(London Paddington to Swansea), the estimated CO2 was

within 10% of that produced by the high-fidelity model.

This proves the viability of using regression models for

faster emissions analysis of routes to determine the pro-

gression of any discontinuous electrification schemes than

using the full high-fidelity model if an estimate of traction

power is available.

Using existing values for infrastructure cost, lifetime

and embodied CO2, this paper analysed the cost-per-car-

bon-dioxide-emissions performance and lifetime carbon

dioxide saved per length of electrification for discontinuous

and continuous electrification. It found that discontinuous

electrification can save up to 2.3 times more CO2 per dis-

tance electrified and can cost up to 56% less per reduction

in lifetime emissions than continuous electrification. This

concludes that discontinuous electrification can be an

economic path to full electrification, and therefore maximal

decarbonisation, of railway networks.

Acknowledgements The authors gratefully acknowledge the finan-

cial support of the EPSRC’s DTE Network + (EP/S032053/1) and the

RSSB (COF-IPS-02).

Open Access This article is licensed under a Creative Commons

Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as

long as you give appropriate credit to the original author(s) and the

source, provide a link to the Creative Commons licence, and indicate

if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless

indicated otherwise in a credit line to the material. If material is not

included in the article’s Creative Commons licence and your intended

use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright

holder. To view a copy of this licence, visit http://creativecommons.

org/licenses/by/4.0/.

References

1. UK Department for Transport (2017) Air quality plan for nitrogen

dioxide (NO2) in UK.

2. Johnson J (2018) Let’s raise our ambitions for a cleaner, greener

railway, Hansard, 2018. [Online]. Available: https://www.gov.

uk/government/speeches/lets-raise-our-ambitions-for-a-cleaner-

greener-railway. Accessed 05-Dec-2018

3. Rail Industry Decarbonisation Taskforce (2019) Final report to

the minister for rail, 2019. [Online]. Available: https://www.rssb.

co.uk/Library/improving-industry-performance/Rail-Industry-

Decarbonisation-Task-Force-Initial-Report-to-the-Rail-Minister-

January2019.pdf. Accessed 04-Jun-2020

4. Office of Rail and Road (2020) Rail infrastructure, assets and

environmental 2018–19 Annual Statistical Release, 2019. [On-

line]. Available: https://dataportal.orr.gov.uk/statistics/

infrastructure-and-emissions/rail-infrastructure-and-assets/.

Accessed 04-Jun-2020

5. Hoffrichter A, Miller AR, Hillmansen S, Roberts C (2012) Well-

to-wheel analysis for electric, diesel and hydrogen traction for

railways. Transp Res Part D Transp Environ 17(1):28–34

6. Network Rail (2020) Traction decarbonisation network strategy,

2020. [Online]. Available: https://www.networkrail.co.uk/wp-

content/uploads/2020/09/Traction-Decarbonisation-Network-

Strategy-Executive-Summary.pdf. Accessed 09-Nov-2020

7. Logan KG, Nelson JD, McLellan BC, Hastings A (2020) Electric

and hydrogen rail: potential contribution to net zero in the UK.

Transp Res Part D Transp Environ 87:102523

8. Esters T, Marinov M (2014) An analysis of the methods used to

calculate the emissions of rolling stock in the UK. Transp Res

Part D Transp Environ 33:1–16

9. Tian Z, Zhao N, Hillmansen S, Roberts C, Dowens T, Kerr C

(2019) SmartDrive: traction energy optimization and applications

in rail systems. IEEE Trans Intell Transp Syst 20(7):2764–2773

10. Scheepmaker GM, Pudney PJ, Albrecht AR, Goverde RMP,

Howlett PG (2020) Optimal running time supplement distribution

in train schedules for energy-efficient train control. J Rail Transp

Plan Manag 14:100180

11. Din T, Hillmansen S (2017) Energy consumption and carbon

dioxide emissions analysis for a concept design of a hydrogen

hybrid railway vehicle. IET Electr Syst Transp 8(2):112–121

12. Scheepmaker GM, Goverde RMP, Kroon LG (2017) Review of

energy-efficient train control and timetabling. Eur J Op Res

257(2):355–376

13. Wang L (2014) Energy efficiency for diesel passenger trains,

University of Birmingham

14. Network Rail Infrastructure Limited (2020) Annual Return 2020

– Data Tables, [Online]. Available: https://www.networkrail.co.

uk/wp-content/uploads/2020/07/Network-Rail-Infrastructure-

Limited-Annual-Return-2020-data-tables-1.xlsx. Accessed

07-Oct-2020

15. Hoffrichter A, Silmon J, Schmid F, Hillmansen S, Roberts C

(2013) Feasibility of discontinuous electrification on the Great

Western Main Line determined by train simulation. Proc Inst

Mech Eng Part F J Rail Rapid Transit 227(3):296–306

16. Silmon J, Hillmansen S (2010) Investigating discontinuous

electrification and energy storage on the Northern Trans-Pennine

An investigation into intermittent electrification strategies and an analysis of resulting… 325

123Rail. Eng. Science (2021) 29(3):314–326

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.gov.uk/government/speeches/lets-raise-our-ambitions-for-a-cleaner-greener-railway
https://www.gov.uk/government/speeches/lets-raise-our-ambitions-for-a-cleaner-greener-railway
https://www.gov.uk/government/speeches/lets-raise-our-ambitions-for-a-cleaner-greener-railway
https://www.rssb.co.uk/Library/improving-industry-performance/Rail-Industry-Decarbonisation-Task-Force-Initial-Report-to-the-Rail-Minister-January2019.pdf
https://www.rssb.co.uk/Library/improving-industry-performance/Rail-Industry-Decarbonisation-Task-Force-Initial-Report-to-the-Rail-Minister-January2019.pdf
https://www.rssb.co.uk/Library/improving-industry-performance/Rail-Industry-Decarbonisation-Task-Force-Initial-Report-to-the-Rail-Minister-January2019.pdf
https://www.rssb.co.uk/Library/improving-industry-performance/Rail-Industry-Decarbonisation-Task-Force-Initial-Report-to-the-Rail-Minister-January2019.pdf
https://dataportal.orr.gov.uk/statistics/infrastructure-and-emissions/rail-infrastructure-and-assets/
https://dataportal.orr.gov.uk/statistics/infrastructure-and-emissions/rail-infrastructure-and-assets/
https://www.networkrail.co.uk/wp-content/uploads/2020/09/Traction-Decarbonisation-Network-Strategy-Executive-Summary.pdf
https://www.networkrail.co.uk/wp-content/uploads/2020/09/Traction-Decarbonisation-Network-Strategy-Executive-Summary.pdf
https://www.networkrail.co.uk/wp-content/uploads/2020/09/Traction-Decarbonisation-Network-Strategy-Executive-Summary.pdf
https://www.networkrail.co.uk/wp-content/uploads/2020/07/Network-Rail-Infrastructure-Limited-Annual-Return-2020-data-tables-1.xlsx
https://www.networkrail.co.uk/wp-content/uploads/2020/07/Network-Rail-Infrastructure-Limited-Annual-Return-2020-data-tables-1.xlsx
https://www.networkrail.co.uk/wp-content/uploads/2020/07/Network-Rail-Infrastructure-Limited-Annual-Return-2020-data-tables-1.xlsx


route. IET Conf Railw Tract Syst. https://doi.org/10.1049/ic.

2010.0019

17. Harrison TJ, Midgley WJB, Goodall RM, Ward CP (2021)

Development and control of a rail vehicle model to optimise

energy consumption and reduce carbon dioxide emissions. Proc

Inst Mech Eng Part F J Rail Rapid Transit. https://doi.org/10.

1177/0954409721993632

18. Golightly D, Gamble C, Palacin R, Pierce K (2019) Multi-mod-

elling for decarbonisation in urban rail systems. Urban Rail

Transit 5(4):254–266

19. Rogers A, Robinson C, Agatsuma K, Iwasaki M, Inarida S,

Yamamoto T, Konishi K, Mochida T (2014) Development of

class 800 / 801 high-speed rolling stock for UK intercity express

programme. Hitachi Rev 63(10):646–654

20. Open Train Times Ltd. (202) OpenTrainTimes,’’ [Online].

Available: https://www.opentraintimes.com/. Accessed 04-Jun-

2020

21. Network Rail (2020) National Electronic Sectional Appendix -

Network Rail,’’ [Online]. Available: https://www.networkrail.co.

uk/industry-and-commercial/information-for-operators/national-

electronic-sectional-appendix/. Accessed: 04-Jun-2020

22. Kemp R (2007) Traction Energy Metrics - T618, Rail Safety and

Standards Board

23. Green-Hughes E, Nicholls M (2019) Speed - Britain’s Fastest

Trains. Key Publishing Ltd, Stamford

24. Schmid F (2020) The energy cost of comfort, Professional

Engineering, Institute of Mechanical Engineers, p. 52

25. Stettler MEJ, Midgley WJB, Swanson JJ, Cebon D, Boies AM

(2016) Greenhouse gas and noxious emissions from dual fuel

diesel and natural gas heavy goods vehicles. Environ Sci Technol

50(4):2018–2026

26. MTU Ltd (2016) PowerPacks� with 12V 1600 For Railcar

Applications,’’ 2016. [Online]. Available: https://mtu-online-

shop.com/print/3234421_MTU_Rail_spec_PowerPack_

12V1600.pdf. Accessed: 04-Jun-2020

27. Department for Business Energy & Industrial Strategy (2019)

Greenhouse gas reporting: conversion factors 2019,’’ 2019.

[Online]. Available: https://www.gov.uk/government/

publications/greenhouse-gas-reporting-conversion-factors-2019.

Accessed 04-Jun-2020

28. Milford RL, Allwood JM (2010) Assessing the CO2 impact of

current and future rail track in the UK. Transp Res Part D Transp

Environ 15(2):61–72

29. ‘‘Case study: Electrification Embodied Carbon Savings.’’ [On-

line]. Available: https://www.rssb.co.uk/sustainability/

Electrification-Embodied-Carbon-Savings. Accessed 15-Feb-

2021

30. Chang B, Kendall A (2011) Life cycle greenhouse gas assessment

of infrastructure construction for California’s high-speed rail

system. Transp Res Part D Transp Environ 16(6):429–434

326 B. M. Abdurahman et al.

123 Rail. Eng. Science (2021) 29(3):314–326

https://doi.org/10.1049/ic.2010.0019
https://doi.org/10.1049/ic.2010.0019
https://doi.org/10.1177/0954409721993632
https://doi.org/10.1177/0954409721993632
https://www.opentraintimes.com/
https://www.networkrail.co.uk/industry-and-commercial/information-for-operators/national-electronic-sectional-appendix/
https://www.networkrail.co.uk/industry-and-commercial/information-for-operators/national-electronic-sectional-appendix/
https://www.networkrail.co.uk/industry-and-commercial/information-for-operators/national-electronic-sectional-appendix/
https://mtu-online-shop.com/print/3234421_MTU_Rail_spec_PowerPack_12V1600.pdf
https://mtu-online-shop.com/print/3234421_MTU_Rail_spec_PowerPack_12V1600.pdf
https://mtu-online-shop.com/print/3234421_MTU_Rail_spec_PowerPack_12V1600.pdf
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2019
https://www.gov.uk/government/publications/greenhouse-gas-reporting-conversion-factors-2019
https://www.rssb.co.uk/sustainability/Electrification-Embodied-Carbon-Savings
https://www.rssb.co.uk/sustainability/Electrification-Embodied-Carbon-Savings

	An investigation into intermittent electrification strategies and an analysis of resulting CO2 emissions using a high-fidelity train model
	Abstract
	Introduction
	Rail vehicle model
	Timetable and routes
	Train driver
	Train dynamics and properties
	Deceleration and braking
	Auxiliary power requirements
	Diesel engine and generator
	Overhead line equipment (OLE) and bi-mode operation
	Model validation

	CO2 emissions
	Model results
	Route analysis
	Comparison to continuous electrification

	Optimal discontinuous electrification
	Electrification approaches
	Rule-based optimal discontinuous electrification
	Validation of rule-based approach

	Whole-life emissions modelling
	Net CO2 saving
	Cost per carbon saved

	Additional considerations for intermittent electrification
	Conclusions
	Open Access
	References




