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Executive Summary  (1/3)
See Word-style report for full study details

 This study identifies technology from non-rail sectors that could be applied to the GB rail sector to 
improve the fuel efficiency of the diesel powered rolling stock. In addition, it assesses successes 
and failures in applying new technology in the GB rail sector following interviews with key GB rail 
industry stakeholders. Two key conclusions and one key recommendation are made:

1)  Technically viable solutions exist to improve rail diesel powertrain efficiency

– ‘Technology package #1’ – a gas exchange system upgrade for passenger Diesel 
Multiple Units (DMU) 

• This is the most attractive retrofitting solution of those considered for GB rail’s passenger 
DMU fleet and is suitable for retrofitting to 1591 passenger DMUs with the oldest, least 
efficient engine types 

• It has a payback period of 3 years for the intercity duty cycle and could save up to 5 million 
litres of diesel per year, which equates to savings of up to £3 million per year at £0.60/litre 

– ‘Technology Package #6’ – addition of an idle stop/start system, a gas exchange system 
upgrade and a small genset for freight locomotives

• Overall this technology package is the most attractive retrofitting solution for improving the 
efficiency of the GB rail fleet if applied to all 450 Class 66 freight locomotives

• The payback period is under 1 year, and it could save 89 million litres of diesel per year 
which equates to savings of £53 million per year at £0.60/litre of diesel
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2)  GB rail stakeholders are in agreement that improvements in efficiency are required

– The project has assessed success achieved to date in the GB rail sector through a stakeholder 
engagement activity. There are encouraging signs that fuel efficiency is becoming increasingly 
important in the industry, with a growing number of initiatives to improve fuel efficiency as part 
of cost and carbon reduction objectives. 

– The key factors contributing to the successful implementation of more efficient diesel powertrain 
technologies for GB rail include: high levels of collaboration between industry organisations; a 
strong business case; and a proven reliability record and predictability of maintenance 
requirements for the new technology

– The key barriers to adoption of more efficient diesel powertrain systems identified in the study 
include: long payback periods; perceived risks relating to performance and reliability; new 
overhaul and maintenance requirements; diesel fleet fragmentation; emissions standards for 
new engines; resource constraints; the loading gauge; and accurate fuel measurement 
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3)  By working together, the GB rail industry can improve the commercial viability of more fuel 
efficient technologies and implement better long

– The GB rail industry has worked collectively to improve fuel efficiency successfully in the past 
and this should continue. Examples where this has delivered improvements in fuel efficiency 
include: Transmission upgrade from hydrodynamic to mechanical transmissions on Class 158 
and Class 165 DMUs; and the use of Selective Engine Technology on Class 185 TransPennine 
Express

– Recommendations to improve diesel powertrain system efficiency in GB rail include: increasing 
the length of the franchise periods in the industry (already happening); providing greater clarity 
on the application of EU emissions legislation to modified and replacement engines; providing 
incentives for more partnerships; increasing order sizes for rolling stock in the future; removing 
penalties and barriers to testing to allow new technologies to be implemented; further 
engagement and dissemination of this study across the GB rail industry

– It should be noted that there are many other possibilities for technology packages than those 
reviewed in this study. The seven technology packages reviewed in this study can be used to 
generate discussions in the industry with the intention of progressing the likelihood of 
appropriate implementation of more fuel efficient technologies in the future
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This study identifies possible diesel powertrain efficiency 
improvements in GB rail using non-rail sector technology

 Study aim: To assess the transferability of technologies to rail sector that have contributed to 
improvements in diesel powertrain efficiency in non
failures in applying new technology in the rail sector

Rail vs. non-
rail sector 
technology 
comparison

Technical Developments

Rail sector 
technology 
overview

Non-rail sectors 
technology 
overview

GB rail industry 
case studies: 
successes and 
failures

GB rail industry 
barriers to 
successful 
technology 
implementation 

Implementation to date (Stakeholder Engagement) 
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This study identifies possible diesel powertrain efficiency 
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The study’s scope of work includes on-train systems that 
consume diesel fuel for traction purposes 

 Topics that are in the scope of this study include 
systems that consume diesel fuel for traction 
purposes (i.e. engine and transmission systems up to 
final drive), although other systems may briefly be 
discussed for completeness

 Topics that are out-of-scope of this study include all 
non-powertrain technologies (e.g. efficiency 
improvements from driver assistance systems and driver 
training, rail infrastructure, non-powertrain systems on
board trains, increasing passenger and freight load 
factors, optimising formation size to increase occupancy, 
minimising empty running, non-powertrain mass reduction, 
improving aerodynamics and reducing rolling resistance 
losses)

 The project focus is on diesel fuel efficiency as opposed to 
regulated emissions control and reduction

– It is assumed that regulated emissions will not be 
made any worse by any suggested modifications to 
the powertrain system of existing rail vehicles
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Self-powered trains will continue to be required on the GB 
rail network for the foreseeable future

 The GB rail network has a low percentage of 
electrification of approximately 31% 
compared to mainland Europe where 
approximately 80% of total transport volume 
is hauled on the electrified part of the network

– This means that 69% of the GB rail 
network is serviced by diesel powered 
trains

 Further electrification of the GB rail network 
will take time and will be limited in extent, so 
self-powered trains will continue to be 
required for the foreseeable future

 With the continuing increase in passenger 
services (and to a lesser degree an overall 
increase in freight services) compared to 
1994, the key question is whether to life-
extend existing rolling stock or purchase 
new rolling stock which can cost up to twice 
as much as life-extending an existing train

Source: CleanER-D project (http://www.cleaner-d.eu/CleanER-D-news2011.pdf ) ; ORR - National Rail Trends 2010
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The risk of increasing diesel fuel costs needs to be 
mitigated using new technology in GB rail

 Despite significant passenger growth, the 
amount of diesel used each year by GB rail 
has remained fairly constant over the past 
five years

 GB rail used 681 million litres of diesel in 
2009–10; passenger services used 482m 
litres & freight services used 199m litres

 However, the annual traction fuel bill will rise 
as the cost per litre increases:

– e.g. 681m litres at £0.60/litre = £409m

– e.g. 681m litres at £0.98/litre* = £667m

– This would result in an increase in 
annual diesel fuel costs of £258m*

 This project will investigate technologies that 
can improve the fuel efficiency of GB rail 
diesel powertrain systems 

– This could save the industry money, whilst 
improving its environmental performance

Source: ORR – National Rail Trends 2010-2011 Yearbook
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The report begins with a comparison of rail and non
sector technologies and associated efficiencies

 This Section reviews the technology used in the GB rail sector and compares it to the technologies 
used in similar powertrain systems in non-rail sectors

– First of all, the GB diesel rolling stock is classified in order to identify suitable baseline 
powertrain systems and rail vehicles for comparison of the reviewed technologies

– Analysis of the classification of the rolling stock suggests that at a fleet level, the greatest 
improvements in fuel efficiency can be realised by focussing on the powertrain systems of two 
distinct parts of the GB rail fleet, namely passenger DMUs (Diesel Multiple Units) and freight 
locomotives. So these are the key focus of this study and are compared to similar non
sector powertrain systems

– Three duty cycles are defined on which to base fuel economy benefits of the reviewed 
technologies. Two duty cycles are developed to compare technologies on passenger DMUs 
and one duty cycle is identified to compare technologies for freight locomotives.

– A review of five different types of technology transfer opportunities to improve rail sector diesel 
powertrain efficiency are provided including engine enhancements, engine parasitic loss 
reduction, waste heat recovery systems, transmission & driveline systems and hybrid 
powertrain systems & energy storage

– A review of three further types of technology that could be applied to the rail sector (but are 
unlikely to improve diesel powertrain efficiency) is also provided including aftertreatment 
systems, biofuels & alternative fuels and fuel cell systems
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UK statistics show progressive reduction of vehicle fuel 
consumption, even with tightening exhaust emissions regulations

 Vehicle fuel consumption data indicates that 
real world fuel consumption has reduced, 
especially in larger trucks, despite significant 
reductions in engine out NOx as a result of 
exhaust emissions legislation

 Improved engine and vehicle technologies 
have offset the expected increase in fuel 
consumption normally associated with 
reduction in NOx emissions including:

– Increased power density by changing from 
naturally aspirated engines to those using 
turbocharging and charge air cooling

– Improved combustion efficiency by using 
increased fuel pressures

– Changing from mechanically governed to 
fully electronically controlled engines

– Introduction of alternative NOx reduction 
technologies (e.g. cooled EGR, SCR 
catalysts)

13© Ricardo plc 2012RD.12/28301.114 March 2012

UK statistics show progressive reduction of vehicle fuel 
consumption, even with tightening exhaust emissions regulations

0

2

4

6

8

10

12

1990 1995 2000 2005 2010

C
yc

le
 N

O
x
 [

g
/k

W
.h

]

Europe

USA

Japan

Fuel Consumption Statistics for the UK
(Source: Road Freight Statistics 2009, UK Dept for Transport)

0

10

20

30

40

50

1990 1995 2000 2005 2010

F
u

e
l 
C

o
n

s
. 

[li
tr

e
s/

1
0

0
 k

m
] 

Articulated Vehicles. GVW range: Over 33t

Articulated Vehicles. GVW range: 3.5t ~ 33t

Rigid Chassis Vehicles. GVW range: >25 t



Q57475 Unrestricted

See Word-style document for full details of the study

Non-UIC members in Europe were not subject to 
mandatory rail emissions limits until Stage IIIA (2006)

 UIC members have been subject to mandatory rail emissions testing since UIC II in 2003

 Non-UIC members in Europe were not subject to mandatory rail emissions limits until Stage IIIA was implemented in 2006 

 These non-road regulations also included the rail industry for the first time but with different implementation dates based on e
power. Prior to this, non-UIC members could choose whether or not to follow UIC standards

 ISO 8178-4 Cycle F is a 3 mode steady state test cycle developed from a series of tests completed in the late 1970’s. It was 
evaluated as the best compromise to reflect railway specific operating conditions for UIC I in 1982 and has been used for emi
certification and/or type approval in the rail industry ever since

Source: Ricardo EMLEG database

Emissions legislation for the rail industry

1980 20001990 2010

ISO 8178-4 Cycle F

UIC I (1982)

UIC II (2003)
UIC (rail)

UIC III (2006)

NRMM (rail)
Stage IIIA (2006)
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Stage IIIA (2006)

Stage IIIB (2011)

NRTC / NRSC
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road regulations also included the rail industry for the first time but with different implementation dates based on engine 
UIC members could choose whether or not to follow UIC standards

4 Cycle F is a 3 mode steady state test cycle developed from a series of tests completed in the late 1970’s. It was 
evaluated as the best compromise to reflect railway specific operating conditions for UIC I in 1982 and has been used for emissions 

2010 2020

UIC III (2006)

Stage IIIA (2006)

Stage IIIB (2012)

 UIC I (Leaflet 623): diesel engine 
approval process for railway including 
emissions test (not mandatory)

 UIC II (Leaflet 624): emissions test only 
(mandatory for all UIC members)

 UIC III: harmonised with Stage IIIA for 
non-road engines

 Stage I/II (Directive 97/68/EC): first 
European legislation to regulate 
emissions for non-road mobile 
machinery (NRMM)

 Stage III/IV (Directive 2004/26/EC): 
adopted for Stage III/IV and also 
included Stage IIIA/B for rail industry

Stage IIIA (2006)

Stage IIIB (2011)

Stage IV (2014)

NRTC / NRSC

Legislation Test Cycle
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Majority of GB rail diesel rolling stock is pre
emissions level, with some over 50 years old still in use

 Key study assumption: 

– “It is assumed that regulated emissions will not be made any worse by any suggested 
modifications to the powertrain system of existing rail vehicles”

– ”

Source: British Railway Locomotives and Coaching Stock 2011 published by Platform 5
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Majority of GB rail diesel rolling stock is pre-Stage IIIA 
emissions level, with some over 50 years old still in use

“It is assumed that regulated emissions will not be made any worse by any suggested 
modifications to the powertrain system of existing rail vehicles”
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Analysis of GB diesel rolling stock has led to two key  
target groups for application of technology packages

Source: British Railway Locomotives and Coaching Stock 2011 published by Platform 5

Classification of GB 
Rail Diesel Fleet

100% of GB Diesel Fleet

Passenger 
DMU

71% of GB Fleet

Freight 
Locomotive

23% of GB Fleet

Passenger 
Locomotive

6% of GB Fleet

Engine Group 2

Engine Group 1 
(1591 DMU cars)

55% of Pass. DMUs

19% of Pass. DMUs

Engine Group 3

26% of Pass. DMUs

Class 66 
(450 locos)

48% of Freight Locos. 

Others

52% of Freight Locos.

Key:        = addressed by technology packages;       = not addressed by technology packages (but improvements still possible

 50% of GB rail diesel rolling stock by vehicle quantity is 
addressed with the technology packages; however, this 
equates to 57% of DMU & 87% of freight locomotive mileage
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Analysis of GB diesel rolling stock has led to two key  
target groups for application of technology packages

Passenger DMU

 5 x Technology Packages

 2 x Duty Cycles: Intercity & Local

39% of GB Diesel Fleet

Freight Locomotive

 2 x Technology Packages

 1 x Duty Cycle: Freight

11% of GB Diesel Fleet

Engine Group 2

Engine Group 1 
(1591 DMU cars)

55% of Pass. DMUs

19% of Pass. DMUs

Engine Group 3

26% of Pass. DMUs

Class 66 
(450 locos)

48% of Freight Locos. 

Others

52% of Freight Locos.

Key:        = addressed by technology packages;       = not addressed by technology packages (but improvements still possible)

50% of GB rail diesel rolling stock by vehicle quantity is 
addressed with the technology packages; however, this 
equates to 57% of DMU & 87% of freight locomotive mileage
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The GB rail DMU fleet is very fragmented, so it was 
decided to group in another way...

Source: TRL Train Activity Data 2009

 There are over 20 classes of passenger 
DMU used in GB rail as shown by the pie 
chart on the right (using 2009 data)

 If the overall fleet diesel fuel consumption is 
to be reduced, a simpler approach to 
classification of the rolling stock was 
required... (as shown on the next slide)
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The GB rail DMU fleet is very fragmented, so it was 

142, 10%

143, 4%
144, 1%

150, 22%

153, 2%

155, 0%

156, 1%
158, 9%

159, 2%165, 6%
166, 0%

168, 3%

170, 11%

171, 1%

172, 0%

175, 4%

180, 1%

185, 7%

220, 5%

221, 7%
222, 4%

Distance Travelled by DMU Class

Source: TRL Train Activity Data 2009

 There are over 20 classes of passenger DMU 
used in GB rail (using 2009 data)
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...the passenger DMU fleet was classified into three 
groups based on the engine type

 The oldest engines with greatest opportunity for improvement in efficiency are in Engine Group 1 

– Engine Group 1: 57% of the total DMU mileage (55% by quantity)

– Engine Group 2: 15% of the total DMU mileage (19% by quantity)

– Engine Group 3: 28% of the total DMU mileage (26% by quantity)

Engine 
Group

Engine Type DMU Class

Group 1

Cummins LT10R 
Cummins NT855R5 
Cummins NTA855R1 
Cummins NTA855R3 
Perkins 2006TWH 

142, 143, 144 
150, 153, 155, 156
158
158, 159
158, 165, 166

Group 2
MTU 6R183TD13H 
MTU 6H1800R83 

168, 170, 171 
172

Group 3
Cummins N14 
Cummins QSK19 
Cummins QSK19 (Diesel-Electric) 

175
180, 185
220, 221, 222

Source: British Railway Locomotives and Coaching Stock 2011 published by Platform 5
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...the passenger DMU fleet was classified into three 

The oldest engines with greatest opportunity for improvement in efficiency are in Engine Group 1 

Engine Group 1: 57% of the total DMU mileage (55% by quantity)

Engine Group 2: 15% of the total DMU mileage (19% by quantity)

Engine Group 3: 28% of the total DMU mileage (26% by quantity)

DMU Class

142, 143, 144 
150, 153, 155, 156

158, 159
158, 165, 166

168, 170, 171 

180, 185
220, 221, 222

55%

19%

26%

Group 1

Group 2

Group 3

Passenger DMU Engine Group 
(by quantity)
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It is a different story for the freight locomotives where 
Class 66 account for 87% of the total distance travelled

 Class 66 is used as the baseline for the 
freight locomotives

– Whilst they make up 48% of the fleet, they 
are heavily utilised and contribute to 87% 
of the annual mileage

– Focusing on technologies to reduce the 
fuel consumption of the Class 66 
powertrain systems will have the biggest 
effect on reducing the overall diesel usage 
from freight locomotives

Source: British Railway Locomotives and Coaching Stock 2011 published by Platform 5
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It is a different story for the freight locomotives where 
Class 66 account for 87% of the total distance travelled

08, 14%

09, 2%
20, 4%
31, 1%

47, 6%

56, 5%

57, 4%
59, 1%

60, 11%

66, 48%

67, 3% 70, 1%

Locomotive Quantity

31, 1%
59, 3%

60, 6%

66, 87%

67, 1%
70, 2%

Distance Travelled by Locomotive Class
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Review of technologies to improve rail sector diesel powertrain efficiency

Other technologies that could be applied to the rail sector

efficient powertrain technology in GB rail – case studies

Barriers to successful adoption of more fuel efficient powertrain technology in GB rail

Summary of findings from stakeholder engagement

TECHNOLOGY PACKAGES SUITABLE FOR APPLICATION TO GB RAIL

Technology packages for freight locomotives

ESTIMATION OF COST BENEFITS & PAYBACK PERIODS

Cost savings and payback periods for DMU technology packages

Cost savings and payback periods for freight locomotive technology packages

Summary of cost benefits & payback periods

COMPANY OVERVIEWS, CONTACT DETAILS & GLOSSARY
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Three duty cycles have been developed to assess the 
potential fuel economy benefits of different technologies

 Three duty cycles have been developed to assess potential fuel economy benefits:

1. Intercity duty cycle for passenger DMUs

• Based on a Class 159 DMU from London Waterloo to Salisbury*

• Higher average speed and fewer stops than local duty cycle

2. Local duty cycle for passenger DMUs

• Based on a Class 159 DMU from Salisbury to Exeter St 

• Lower average speed and more stops than Intercity duty cycle

3. Freight duty cycle for freight locomotives

• Based on 103,900 hours of Class 66 GB locomotive testing data from 2006 UIC report**

 Two duty cycles are used to compare technologies on passenger DMUs

– The intercity and local duty cycles aim to demonstrate the effect that duty cycles have on the 
fuel economy of DMUs despite using the same powertrain technology

– Note that these passenger DMU duty cycles are ‘typical’; more extreme duty cycles could yield 
significantly different FE benefits

 One duty cycle is used to compare technologies on freight locomotives

Source: *Porterbrook Class 159 data, July 2011;   **“Diesel engines - Analysis of the load cycles of diesel motive power units i
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Three duty cycles have been developed to assess the 
potential fuel economy benefits of different technologies

Three duty cycles have been developed to assess potential fuel economy benefits:

Based on a Class 159 DMU from London Waterloo to Salisbury*

Higher average speed and fewer stops than local duty cycle

Based on a Class 159 DMU from Salisbury to Exeter St Davids*

Lower average speed and more stops than Intercity duty cycle

Based on 103,900 hours of Class 66 GB locomotive testing data from 2006 UIC report**

Two duty cycles are used to compare technologies on passenger DMUs

The intercity and local duty cycles aim to demonstrate the effect that duty cycles have on the 
despite using the same powertrain technology

Note that these passenger DMU duty cycles are ‘typical’; more extreme duty cycles could yield 

One duty cycle is used to compare technologies on freight locomotives

Analysis of the load cycles of diesel motive power units in service” UIC B 208/RP
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1. Intercity – Key points defined from analysis of Class 159 
DMU journey data between London Waterloo & Salisbury

 The intercity duty cycle aims to be representative for a passenger DMU that operates on a route 
with relatively high top speed and few stops. Notch position analysis of data from Class 159 DMU 
journey in July 2011 between London Waterloo and Salisbury is shown below:

– 44% of time is spent in notch position 7 typically when accelerating or climbing gradients

– 33% of time is spent in notch positions 1–6 typically when maintaining a constant speed

– 23% of time is spent in the ‘idle’ notch position typically when stationary or slowing down

Av. Speed 
= 61.5mph

8 stops in 
83 miles

Source: Porterbrook Class 159 data, July 2011
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Key points defined from analysis of Class 159 
DMU journey data between London Waterloo & Salisbury

The intercity duty cycle aims to be representative for a passenger DMU that operates on a route 
with relatively high top speed and few stops. Notch position analysis of data from Class 159 DMU 
journey in July 2011 between London Waterloo and Salisbury is shown below:

44% of time is spent in notch position 7 typically when accelerating or climbing gradients

6 typically when maintaining a constant speed

23% of time is spent in the ‘idle’ notch position typically when stationary or slowing down

Av. Speed 
= 61.5mph

23% 44%33%
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1. Intercity – Key points defined from analysis of Class 159 
DMU journey data between London Waterloo & Salisbury

 Key points have been defined from the notch position analysis of the Class 159 DMU journey

– Key point 1 is defined as rated speed / 100% load 
assumed to be the case for the time spent in notch position 7

– Key point 2 is defined as peak torque speed / 100% load 
speed, which equates to approximately half the peak power of the engine 
be the case for the time spent in notch positions 1

– Key point 3 is defined as idle speed / 5% load 
for the hotel loads of the train at its idle speed 
spent in the idle notch position

 By combining the weighting factors with baseline DMU BSFC values (explained later) at the key 
points, the percentage of fuel used at each of the key points can be calculated for the intercity duty 
cycle as shown in the pie chart

Key 
point

Engine speed Engine load
BSFC     

(g/kW.h)

1 Rated speed 100% load 222

2 Peak torque speed 100% load 207

3 Idle speed 5% load 500
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Key points defined from analysis of Class 159 
DMU journey data between London Waterloo & Salisbury

Key points have been defined from the notch position analysis of the Class 159 DMU journey

Key point 1 is defined as rated speed / 100% load – the maximum output of the engine – this is 
assumed to be the case for the time spent in notch position 7

Key point 2 is defined as peak torque speed / 100% load – the maximum load at a mid-engine 
speed, which equates to approximately half the peak power of the engine – this is assumed to 
be the case for the time spent in notch positions 1–6

Key point 3 is defined as idle speed / 5% load – the engine provides a limited amount of power 
for the hotel loads of the train at its idle speed – this is assumed to be the case for the time 

By combining the weighting factors with baseline DMU BSFC values (explained later) at the key 
points, the percentage of fuel used at each of the key points can be calculated for the intercity duty 

61%

36%

4%

100% load, rated speed 
100% load, peak torque speed
5% load, idle speed 

Weighting 
factor

44%

33%

23%
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2. Local – Key points defined from analysis of Class 159 
DMU journey data between Salisbury & Exeter St Davids

 The local duty cycle aims to be representative for a passenger DMU that operates on a route with 
more stops than the intercity duty cycle. Notch position analysis of data from Class 159 DMU 
journey in July 2011 between Salisbury and Exeter St 

– 49% of time is spent in notch position 7 typically when accelerating or climbing gradients

– 12% of time is spent in notch positions 1–6 typically when maintaining a constant speed

– 39% of time is spent in the ‘idle’ notch position typically when stationary or slowing down

Av. Speed 
= 54.5mph

13 stops in 
89 miles

Source: Porterbrook Class 159 data, July 2011
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Key points defined from analysis of Class 159 
DMU journey data between Salisbury & Exeter St Davids

The local duty cycle aims to be representative for a passenger DMU that operates on a route with 
more stops than the intercity duty cycle. Notch position analysis of data from Class 159 DMU 
journey in July 2011 between Salisbury and Exeter St Davids is shown below:

49% of time is spent in notch position 7 typically when accelerating or climbing gradients

6 typically when maintaining a constant speed

39% of time is spent in the ‘idle’ notch position typically when stationary or slowing down

Av. Speed 
= 54.5mph

39% 49%12%
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2. Local – Key points defined from analysis of Class 159 
DMU journey data between Salisbury & Exeter St Davids

 Key points have been defined from the notch position analysis of the Class 159 DMU journey

– Key point 1 is defined as rated speed / 100% load 
assumed to be the case for the time spent in notch position 7

– Key point 2 is defined as peak torque speed / 100% load 
speed, which equates to approximately half the peak power of the engine 
be the case for the time spent in notch positions 1

– Key point 3 is defined as idle speed / 5% load 
for the hotel loads of the train at its idle speed 
spent in the idle notch position

 By combining the weighting factors with baseline DMU BSFC values (explained later) at the key 
points, the percentage of fuel used at each of the key points can be calculated for the local duty 
cycle as shown in the pie chart

Source: Porterbrook Class 159 data, July 2011

Key 
point

Engine speed Engine load
BSFC     

(g/kW.h)

1 Rated speed 100% load 222

2 Peak torque speed 100% load 207

3 Idle speed 5% load 500
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Key points defined from analysis of Class 159 
DMU journey data between Salisbury & Exeter St Davids

Key points have been defined from the notch position analysis of the Class 159 DMU journey

Key point 1 is defined as rated speed / 100% load – the maximum output of the engine – this is 
assumed to be the case for the time spent in notch position 7

Key point 2 is defined as peak torque speed / 100% load – the maximum load at a mid-engine 
speed, which equates to approximately half the peak power of the engine – this is assumed to 
be the case for the time spent in notch positions 1–6

Key point 3 is defined as idle speed / 5% load – the engine provides a limited amount of power 
for the hotel loads of the train at its idle speed – this is assumed to be the case for the time 

By combining the weighting factors with baseline DMU BSFC values (explained later) at the key 
points, the percentage of fuel used at each of the key points can be calculated for the local duty 

78%

15%

7%

100% load, rated speed 
100% load, peak torque speed
5% load, idle speed 

Weighting 
factor

49%

12%

39%
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3. Freight – Key points derived from 103,900 hours of Class 
66 locomotive testing in GB (from UIC report in 2006)

 Key points and weighting factors defined using analysis of UIC report that recorded 103,900 hours 
of data from five Class 66 locomotives on GB railways

 The analysis of the data in the UIC report shows that for the freight duty cycle:

– 8% of time is spent at rated power typically when accelerating or climbing gradients

– 8% of time is spent at intermediate engine speeds and loads typically when cruising

– 84% of time is spent at ‘idle’ typically when stationary, slowing down or going down gradients

 By combining the weighting factors with baseline locomotive BSFC values (explained later) at the 
representative key points shown below, the percentage of fuel used at each of the key points can 
be calculated for the freight duty cycle as shown in the pie chart

Source: “Diesel engines - Analysis of the load cycles of diesel motive power units in service” UIC B 208/RP 6 (2006)

Key 
point

Engine speed Engine load
BSFC     

(g/kW.h)

1 Rated speed 100% load 201

2 60% of rated speed 50% load 201

3 Idle speed 5% load 402
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Key points derived from 103,900 hours of Class 
66 locomotive testing in GB (from UIC report in 2006)

Key points and weighting factors defined using analysis of UIC report that recorded 103,900 hours 
of data from five Class 66 locomotives on GB railways

The analysis of the data in the UIC report shows that for the freight duty cycle:

8% of time is spent at rated power typically when accelerating or climbing gradients

8% of time is spent at intermediate engine speeds and loads typically when cruising

84% of time is spent at ‘idle’ typically when stationary, slowing down or going down gradients

By combining the weighting factors with baseline locomotive BSFC values (explained later) at the 
representative key points shown below, the percentage of fuel used at each of the key points can 
be calculated for the freight duty cycle as shown in the pie chart

Analysis of the load cycles of diesel motive power units in service” UIC B 208/RP 6 (2006)

39%

20%

41%

100% load, rated speed 
50% load, 60% of rated speed
5% load, idle speed 

Weighting 
factor

8%

8%

84%



Q57475 Unrestricted

See Word-style document for full details of the study

Contents

1 INTRODUCTION

2 TECHNICAL DEVELOPMENTS

2.1 Classification of GB rail diesel rolling stock

2.2 Duty cycles

2.3 Passenger DMU powertrain technology

2.4 Freight locomotive powertrain technology

2.5 Review of technologies to improve rail sector diesel powertrain efficiency

2.6 Other technologies that could be applied to the rail sector

2.7 Summary of technical developments

3 IMPLEMENTATION TO DATE

3.1 Successful adoption of more fuel-efficient powertrain technology in GB rail 

3.2 Barriers to successful adoption of more fuel efficient powertrain technology in GB rail

3.3 Summary of findings from stakeholder engagement

4 TECHNOLOGY PACKAGES SUITABLE FOR APPLICATION TO GB RAIL

4.1 Technology packages for DMUs

4.2 Technology packages for freight locomotives

4.3 Summary of technology packages

5 ESTIMATION OF COST BENEFITS & PAYBACK PERIODS

5.1 Cost savings and payback periods for DMU technology packages

5.2 Cost savings and payback periods for freight locomotive technology packages

5.3 Summary of cost benefits & payback periods

6 CONCLUSIONS AND RECOMMENDATIONS

7 APPENDICES – COMPANY OVERVIEWS, CONTACT DETAILS & GLOSSARY

27© Ricardo plc 2012RD.12/28301.114 March 2012

Review of technologies to improve rail sector diesel powertrain efficiency

Other technologies that could be applied to the rail sector

efficient powertrain technology in GB rail – case studies

Barriers to successful adoption of more fuel efficient powertrain technology in GB rail

Summary of findings from stakeholder engagement

TECHNOLOGY PACKAGES SUITABLE FOR APPLICATION TO GB RAIL

Technology packages for freight locomotives

ESTIMATION OF COST BENEFITS & PAYBACK PERIODS

Cost savings and payback periods for DMU technology packages

Cost savings and payback periods for freight locomotive technology packages

Summary of cost benefits & payback periods

COMPANY OVERVIEWS, CONTACT DETAILS & GLOSSARY



Q57475 Unrestricted

See Word-style document for full details of the study

Class 158 from Engine Group 1 is chosen as baseline to 
represent the group and identify typical BSFC values

 Engine Group 1 is used as the baseline for this study because it is the largest and oldest group of 
engines and therefore fuel consumption reductions applied to this group will have the greatest 
benefit in reducing fuel usage on GB Rail Network

– Within Engine Group 1, BSFC data was obtained for Class 158 as a baseline to represent the 
group

– Although Class 158 has three engine types, the BSFC data used is for the Cummins 
NTA855R1 engine; this has been used as the prime focus for developing baseline rail sector 
technology

– This complements the duty cycle data obtained for Class 159 to represent a typical duty cycle 
for this engine group
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Class 158 from Engine Group 1 is chosen as baseline to 
represent the group and identify typical BSFC values

Engine Group 1 is used as the baseline for this study because it is the largest and oldest group of 
engines and therefore fuel consumption reductions applied to this group will have the greatest 
benefit in reducing fuel usage on GB Rail Network

Within Engine Group 1, BSFC data was obtained for Class 158 as a baseline to represent the 

Although Class 158 has three engine types, the BSFC data used is for the Cummins 
NTA855R1 engine; this has been used as the prime focus for developing baseline rail sector 

This complements the duty cycle data obtained for Class 159 to represent a typical duty cycle 
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Class 158

 Vehicle Type: DMU

 Application: Passenger Vehicle

 Engine: Cummins NTA855R1

 Transmission: Voith T211

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 100% Load,

BSFC: 5% Load, Low Idle Speed

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

Class 158 with Cummins NTA855R1 engine and Voith 
T211 transmission is used as baseline passenger DMU

Source: Picture: Porterbrook Website; Information: Ricardo Research
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14 litre, In-line 6, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level Stage 0

Typical Duty Cycle ISO 8178-4 cycle F

BSFC: 100% Load, Rated Speed 222g/kW.h at 2100rpm

BSFC: 100% Load, Peak Torque Speed 207g/kW.h at 1400rpm

Load, Low Idle Speed 500g/kW.h at 800rpm

Bore and Stroke 140mm x 152mm

261kW at 2100rpm

1492Nm at 1400rpm

1305kg

Yes

Yes

MUTC & PT

No

No

Class 158 with Cummins NTA855R1 engine and Voith 
T211 transmission is used as baseline passenger DMU
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The ubiquitous DMU transmission – Voith T211 

 In 1969, the Voith T211 turbo-transmission was 
developed as an alternative to the hydro-mechanical 
bus gearbox

 This type of transmission design has been relatively 
unchanged since and has been the automatic choice for 
rail transmissions as almost the only offering able to 
take the required engine power inputs

 Over the 20 years up to 1995, Voith Turbo Rail relied 
primarily on the DMU market; from 1996 onwards 
Voith's sales began to grow strongly

 The newly-developed T211 converter with coupling and 
optional retarder transmission attracted several large 
orders; there are currently over 10,000 Voith T211 
transmissions, or variations of it, in service on trains 
worldwide

 The Voith T211 is used in the majority of DMUs; Class 
180 has the T312 which is similar but larger and has 
two lock up speeds allowing the vehicle to do 125 mph 
and the Class 185 has the T312 but is geared for only 
100mph
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Voith T211 

transmission was 
mechanical 

This type of transmission design has been relatively 
unchanged since and has been the automatic choice for 
rail transmissions as almost the only offering able to 

Over the 20 years up to 1995, Voith Turbo Rail relied 
primarily on the DMU market; from 1996 onwards 

developed T211 converter with coupling and 
optional retarder transmission attracted several large 
orders; there are currently over 10,000 Voith T211 
transmissions, or variations of it, in service on trains 

The Voith T211 is used in the majority of DMUs; Class 
180 has the T312 which is similar but larger and has 
two lock up speeds allowing the vehicle to do 125 mph 
and the Class 185 has the T312 but is geared for only 

Voith T211 Gearbox for Rail Vehicles
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Engines from other market sectors with similar engine 
characteristics to Class 158 are chosen for comparison

 The engine characteristics for Class 158 were identified and suitable engines from other market 
sectors with similar characteristics were chosen for comparison

– Note that emissions levels must be at current on
emissions standards in order to be considered for comparison

– Marine was one of the market sectors analysed but not included for comparison as most 
marine engines of this size are variants of existing industrial engines modified for marine 
applications by adding extra features such as sea water cooling and insulation

• Also, the marine industry has not been so heavily regulated and therefore the engines often 
do not meet the required emissions levels for on or off highway applications
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Engines from other market sectors with similar engine 
characteristics to Class 158 are chosen for comparison

The engine characteristics for Class 158 were identified and suitable engines from other market 
sectors with similar characteristics were chosen for comparison

Note that emissions levels must be at current on-highway Euro V or off-highway Stage IIIB 
emissions standards in order to be considered for comparison

Marine was one of the market sectors analysed but not included for comparison as most 
marine engines of this size are variants of existing industrial engines modified for marine 
applications by adding extra features such as sea water cooling and insulation

Also, the marine industry has not been so heavily regulated and therefore the engines often 
do not meet the required emissions levels for on or off highway applications
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Renault DXi11

 Sector: Heavy Duty Truck

 Vehicle Type: On Highway

 Application: Volvo and Renault 
Heavy Duty Trucks

 Engine: Renault DXi11

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 100% Load,

BSFC: 5% Load, Low Idle Speed

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

The Renault DXi11 engine from heavy duty automotive 
sector

Source: Picture: Renault Website; Information: Ricardo Research
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10.8 litre, In-line 6, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level Euro V

Typical Duty Cycle ESC / ETC

BSFC: 100% Load, Rated Speed 206g/kW.h at 1800rpm

BSFC: 100% Load, Peak Torque Speed 193g/kW.h at 1200rpm

Load, Low Idle Speed 305g/kW.h at 800rpm

Bore and Stroke 123mm x 152mm

338kW at 1800rpm

2237Nm at 1200rpm

Unknown

Yes

Yes

Electronic Unit Injector (EUI)

No

Bosch SCR

The Renault DXi11 engine from heavy duty automotive 
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Scania DC13 480

 Sector: Heavy Duty Truck

 Vehicle Type: On Highway

 Application: Scania Trucks

 Engine: Scania DC13 480

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 100% Load,

BSFC: 5% Load, Low Idle Speed

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

The Scania DC13 480 engine from heavy duty automotive 
sector

Source: Picture: Ricardo Research; Information: Ricardo Research
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12.7 litre, In-line 6, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level Euro V

Typical Duty Cycle ESC / ETC

BSFC: 100% Load, Rated Speed 213g/kW.h at 1900rpm

BSFC: 100% Load, Peak Torque Speed 194g/kW.h at 1100rpm

Load, Low Idle Speed 315g/kW.h at 800rpm

Bore and Stroke 130mm x 160mm

362kW at 1900rpm

2540Nm at 1200rpm

Unknown

Yes

Yes

Common Rail (Cummins XPI)

Yes

No

The Scania DC13 480 engine from heavy duty automotive 
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Deutz TCD 12.0 V6

 Sector: Industrial Machinery

 Vehicle Type: Off Highway

 Application: Industrial Equip.

 Engine: Deutz TCD 12.0 V6

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: optimal operating point. Specific 
fuel consumption based on diesel fuel 
with a specific gravity of 0.835 kg/dm
15°C, acc. to ISO 3046

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

The Deutz TCD 12.0 V6 engine from industrial machinery 
sector 

Source: Picture: Deutz Website; Information: Ricardo Research, Deutz Website
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12 litre, Vee 6, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level Stage IIIB

Typical Duty Cycle NRSC / NRTC

optimal operating point. Specific 
fuel consumption based on diesel fuel 
with a specific gravity of 0.835 kg/dm3 at 

C, acc. to ISO 3046-1

193g/kW.h

Bore and Stroke 132mm x 145mm

390kW at 2100rpm

2130Nm at 1400rpm

995kg

Yes

Yes

Common Rail (CR)

No

SCR

The Deutz TCD 12.0 V6 engine from industrial machinery 
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Cummins QSX11.9

 Sector: Agricultural Industry

 Vehicle Type: Off Highway

 Application: Agricultural Equip.

 Engine: Cummins QSX11.9

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 100% Load,

BSFC: 5% Load, Low Idle Speed

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

The Cummins QSX11.9 500 engine from agricultural sector 

Source: Picture: Cummins QSX11.9 Brochure; Information: Ricardo Research, Cummins Website
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11.9 litre, In-line 6, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level Stage IIIB

Typical Duty Cycle NRSC / NRTC

BSFC: 100% Load, Rated Speed 218g/kW.h at 1800rpm

BSFC: 100% Load, Peak Torque Speed 211g/kW.h at 1400rpm

Load, Low Idle Speed Unknown

Bore and Stroke 130mm x 150mm

354kW at 1800rpm

2169Nm at 1400rpm

1200kg

Yes

Yes

Common Rail (Cummins XPI)

Yes

Cummins Particulate Filter

The Cummins QSX11.9 500 engine from agricultural sector 
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Class 158 Cummins NTA855R1 engine is compared with 
modern engines from other market sectors

 A comparison (on the next slide) of the baseline rail engine (Class 158 with Cummins NTA855R1 
engine) against the engines identified from other market sectors showed that all the non
engines are turbocharged and aftercooled and some of the engines use exhaust gas recirculation 
(EGR) systems

 All the modern engines identified from other sectors use either Selective Catalytic Reduction 
(SCR) or Diesel Particulate Filter (DPF) aftertreatment systems to meet the current emissions 
regulations (e.g. Euro V / Stage IIIB) except for the Scania DC13 which meets these emissions 
standards without these aftertreatment systems but with high levels of EGR instead

 Weight reduction is desirable on passenger DMUs because it reduces fuel consumption during 
acceleration therefore the lower weights of the modern engines would be a more desirable target 
for fuel saving
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Class 158 Cummins NTA855R1 engine is compared with 
modern engines from other market sectors

A comparison (on the next slide) of the baseline rail engine (Class 158 with Cummins NTA855R1 
engine) against the engines identified from other market sectors showed that all the non-rail sector 
engines are turbocharged and aftercooled and some of the engines use exhaust gas recirculation 

All the modern engines identified from other sectors use either Selective Catalytic Reduction 
(SCR) or Diesel Particulate Filter (DPF) aftertreatment systems to meet the current emissions 
regulations (e.g. Euro V / Stage IIIB) except for the Scania DC13 which meets these emissions 
standards without these aftertreatment systems but with high levels of EGR instead

Weight reduction is desirable on passenger DMUs because it reduces fuel consumption during 
acceleration therefore the lower weights of the modern engines would be a more desirable target 
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DMU engines - Comparison with non-rail sectors shows 
the difference in technologies, efficiency and emissions

Application 
Engine

Baseline Rail
Class  158

HD Truck
Ren. DXi11

Key Features 14L, L6, 4 v/c 10.8L, L6, 4 v/c

Combustion Cycle 4-stroke

Emissions Level Stage 0

Typical Duty Cycle ISO 8178-4 Cycle F ESC

BSFC: 100% Load, Rated Speed 222g/kW.h 206g/kW.h

BSFC: 100% Load, Peak Torque Speed 207g/kW.h 193g/kW.h

BSFC: 5% Load, Low Idle Speed 500g/kW.h 305g/kW.h

Bore and Stroke 140 x 152 (mm) 123 x 152 (mm)

Peak Power 261kW

Peak Torque 1492Nm

Engine Weight 1305

Turbocharged Yes

Aftercooled Yes

Fuel System MUTC & PT

EGR No

Aftertreatment No Bosch SCR
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rail sectors shows 
the difference in technologies, efficiency and emissions

HD Truck
Ren. DXi11

HD Truck
Scania DC13

Industrial
Deutz TCD

Agricultural
Cummins QSX

10.8L, L6, 4 v/c 12.7L, L6, 4 v/c 12L, V6, 4 v/c 11.9L, L6, 4 v/c

4-stroke 4-stroke 4-stroke 4-stroke

Euro V Euro V Stage IIIB Stage IIIB

ESC / ETC ESC / ETC NRSC / NRTC NRSC / NRTC

206g/kW.h 213g/kW.h
193g/kW.h 

(optimal 
operating pt.)

218g/kW.h

193g/kW.h 194g/kW.h 211g/kW.h

305g/kW.h 315g/kW.h Unknown

123 x 152 (mm) 130 x 160 (mm) 132 x 145 (mm) 130 x 150 (mm)

338kW 362kW 390kW 373kW

2237Nm 2540Nm 2130Nm 2169Nm

Unknown Unknown 995 1,197

Yes Yes Yes Yes

Yes Yes Yes Yes

EUI CR (XPI) CR CR (XPI)

No Yes No Yes

Bosch SCR No SCR Cummins PF
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Significant improvements in DMU engine fuel efficiency 
can be obtained using non-rail sector engine technology 
despite complying with tougher emissions standards

 The comparison of the rail vs. non-rail sector engines on the previous slide shows that:

– The rated speed BSFC of the baseline DMU engine from the Class 158 is worse than all the 
known BSFC values for comparable engines from non

• An improvement of up to 7% in fuel efficiency at rated power 
possible to use the best non-rail sector engine reviewed

– The peak torque BSFC of the baseline DMU engine from the Class 158 is worse than all but 
one of the known BSFC values for comparable engines from non

• An improvement of up to 7% in fuel efficiency at peak torque 
possible to use the best non-rail sector engine reviewed

– The idle BSFC of the baseline DMU engine from the Class 158 is worse than all the known 
BSFC values for comparable engines from non

• An improvement of up to 39% in fuel efficiency at idle 
possible to use the best non-rail sector engine reviewed
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Significant improvements in DMU engine fuel efficiency 
rail sector engine technology 

despite complying with tougher emissions standards

rail sector engines on the previous slide shows that:

The rated speed BSFC of the baseline DMU engine from the Class 158 is worse than all the 
known BSFC values for comparable engines from non-rail sectors that are reviewed

An improvement of up to 7% in fuel efficiency at rated power could be obtained if it was 
rail sector engine reviewed

The peak torque BSFC of the baseline DMU engine from the Class 158 is worse than all but 
one of the known BSFC values for comparable engines from non-rail sectors that are reviewed

An improvement of up to 7% in fuel efficiency at peak torque could be obtained if it was 
rail sector engine reviewed

The idle BSFC of the baseline DMU engine from the Class 158 is worse than all the known 
BSFC values for comparable engines from non-rail sectors that are reviewed

An improvement of up to 39% in fuel efficiency at idle could be obtained if it was 
rail sector engine reviewed
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Freight locomotive powertrain technology

Review of technologies to improve rail sector diesel powertrain efficiency

Other technologies that could be applied to the rail sector

efficient powertrain technology in GB rail – case studies

Barriers to successful adoption of more fuel efficient powertrain technology in GB rail

Summary of findings from stakeholder engagement

TECHNOLOGY PACKAGES SUITABLE FOR APPLICATION TO GB RAIL

Technology packages for freight locomotives

ESTIMATION OF COST BENEFITS & PAYBACK PERIODS

Cost savings and payback periods for DMU technology packages

Cost savings and payback periods for freight locomotive technology packages

Summary of cost benefits & payback periods

COMPANY OVERVIEWS, CONTACT DETAILS & GLOSSARY
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The Class 66 fleet is used most widely and covers the 
largest distance each year on the GB Rail Network

 Class 66 is used as the baseline for this study because it covers the majority of the operating 
freight locomotive fleet therefore fuel consumption reductions applied to this group will have the 
greatest benefit overall

 Class 66 freight locomotives travelled 87% of the total distance in 2009 while only accounting for 
about 48% of the fleet by vehicle quantities indicating that Class 66 vehicles are used to haul 
freight most frequently

 The Class 66 locomotive is the most popular freight locomotive in the UK partially due to its high 
reliability

– It was built from 1998–2008 and fitted with a 2
Electro Motive transmission

– EMD claim the 2-stroke design at the heart of their engine design since the 1930s provides 
superior acceleration and responsiveness in comparison to a typical 4
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The Class 66 fleet is used most widely and covers the 
largest distance each year on the GB Rail Network

Class 66 is used as the baseline for this study because it covers the majority of the operating 
freight locomotive fleet therefore fuel consumption reductions applied to this group will have the 

Class 66 freight locomotives travelled 87% of the total distance in 2009 while only accounting for 
about 48% of the fleet by vehicle quantities indicating that Class 66 vehicles are used to haul 

The Class 66 locomotive is the most popular freight locomotive in the UK partially due to its high 

2008 and fitted with a 2-stroke diesel GM EMD 710 engine with AC / DC 

stroke design at the heart of their engine design since the 1930s provides 
superior acceleration and responsiveness in comparison to a typical 4-stroke cycle engine
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Class 66

 Vehicle Type: Locomotive

 Application: Freight Vehicle

 Engine: GM EMD 710 12V

 Transmission: AC / DC Electro 
Motive

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 50% Load,

BSFC: 5% Load, Idle Speed

Bore and Stroke

Peak Power

Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

Baseline Freight Locomotive – Class 66 with GM EMD 710 
12V engine

Source: Picture: Porterbrook Website; Information: Ricardo Research
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139 litre, Vee 12, 4 val/cyl

Combustion Cycle 2-stroke

Emissions Level Stage 0

Typical Duty Cycle ISO 8178-4 cycle F

BSFC: 100% Load, Rated Speed 201g/kW.h at 900rpm

BSFC: 50% Load, 60% of Rated Speed 201g/kW.h at 540rpm

Load, Idle Speed 402g/kW.h at 450rpm

Bore and Stroke 230.2mm x 279.4mm

2460kW at 900rpm

25563Nm at 900rpm

15000kg

Yes

Yes

Pump / Cylinder

No

No

Class 66 with GM EMD 710 



Q57475 Unrestricted

See Word-style document for full details of the study

Engines from other market sectors with similar engine 
characteristics to Class 66 are chosen for comparison

 The engine characteristics for Class 66 were identified and suitable engines from other market 
sectors with similar characteristics were chosen for comparison

 Freight locomotives tend to have much larger engines than passenger DMUs and therefore 
different characteristics apply which allow marine engines to be analysed and included for 
comparison

– However, the exhaust emissions limits that apply in the marine industry are not as restrictive as 
those in the on or off highway sectors so only those engines of the required size with the most 
up to date emissions technology available have been considered here
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Engines from other market sectors with similar engine 
characteristics to Class 66 are chosen for comparison

The engine characteristics for Class 66 were identified and suitable engines from other market 
sectors with similar characteristics were chosen for comparison

Freight locomotives tend to have much larger engines than passenger DMUs and therefore 
different characteristics apply which allow marine engines to be analysed and included for 

However, the exhaust emissions limits that apply in the marine industry are not as restrictive as 
those in the on or off highway sectors so only those engines of the required size with the most 
up to date emissions technology available have been considered here
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MTU 16V 4000

 Sector: Industrial Machinery

 Vehicle Type: Off Highway

 Application: Industrial Equip.

 Engine: MTU 16V 4000

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 50% Load,

BSFC: 5% Load, Idle Speed*

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

MTU 16V 4000 engine from industrial machinery sector

Source: Picture: V12 Engine MTU 4000 Brochure; Information: Ricardo Research, MTU Website; *BSFC estimated by Ricardo experts
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76.3 litre, Vee 16, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level EU Stage IIIB

Typical Duty Cycle NRSC / NRTC

BSFC: 100% Load, Rated Speed 205g/kW.h at 1800rpm

BSFC: 50% Load, 60% of Rated Speed* 205g/kW.h at 1100rpm

Load, Idle Speed* 319g/kW.h at 500rpm

Bore and Stroke 170mm x 210mm

2400kW at 1800rpm

10920Nm at 1750rpm

9200kg

Yes

Yes

Common Rail

Yes

DPF

MTU 16V 4000 engine from industrial machinery sector

Source: Picture: V12 Engine MTU 4000 Brochure; Information: Ricardo Research, MTU Website; *BSFC estimated by Ricardo experts
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Caterpillar 3516C

 Sector: Marine Industry

 Vehicle Type: Off Highway

 Application: Marine Vessels

 Engine: Caterpillar 3516C 

(High Displacement Engine)

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 50% Load,

BSFC: 5% Load, Idle Speed*

Bore and Stroke

Peak Power

Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

Caterpillar 3516C engine from marine sector

Source: Caterpillar 3516C Brochure; Information: Ricardo Research, Caterpillar Website ; *BSFC estimated by Ricardo experts
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78 litre, Vee 16, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level EPA Marine Tier 2

Typical Duty Cycle NRSC / NRTC

BSFC: 100% Load, Rated Speed 208g/kW.h at 1800rpm

BSFC: 50% Load, 60% of Rated Speed* 208g/kW.h at 1100rpm

Load, Idle Speed* 347g/kW.h at 600rpm

Bore and Stroke 170mm x 215mm

2525kW at 1800rpm

13396Nm at 1800rpm

10255kg

Yes

Yes

Unit Injectors (Elect. Gov.)

No

No

Caterpillar 3516C engine from marine sector

Source: Caterpillar 3516C Brochure; Information: Ricardo Research, Caterpillar Website ; *BSFC estimated by Ricardo experts
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Cummins QSK78

 Sector: Mining Industry

 Vehicle Type: Off Highway

 Application: Mining Haul Trucks

 Engine: Cummins QSK78

(High Displacement Engine)

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 50% Load,

BSFC: 5% Load, Idle Speed*

Bore and Stroke

Peak Power

Peak Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

Cummins QSK78 from mining sector 

Source: Picture: Cummins QSK78 Brochure; Information: Ricardo Research, Cummins Website ; *BSFC estimated by Ricardo experts
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78 litre, Vee 18, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level EPA Tier 2

Typical Duty Cycle NRSC / NRTC

BSFC: 100% Load, Rated Speed* 200g/kW.h at 1900rpm

BSFC: 50% Load, 60% of Rated Speed* 200g/kW.h at 1140rpm

Load, Idle Speed* 326g/kW.h at 600rpm

Bore and Stroke 170mm x 190mm

2610kW at 1900rpm

13771Nm at 1500rpm

10800kg

Yes

Yes

Cummins HPI (UI with EC) 

No

No
Source: Picture: Cummins QSK78 Brochure; Information: Ricardo Research, Cummins Website ; *BSFC estimated by Ricardo experts



Q57475 Unrestricted

See Word-style document for full details of the study

GE V228

 Sector: Marine Industry

 Vehicle Type: Off Highway

 Application: Marine Vessels

 Engine: GE V228

Key Features

Combustion Cycle

Emissions Level

Typical Duty Cycle

BSFC: 100% Load,

BSFC: 50% Load,

BSFC: 5% Load, Idle Speed*

Bore and Stroke

Peak Power

Torque

Engine Weight

Turbocharged

Aftercooled

Fuel System

EGR

Aftertreatment

GE V228 engine from marine sector

Source: Picture: GE V228 Brochure; Information: Ricardo Research, GE Website ; *BSFC estimated by Ricardo experts
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131 litre, Vee 12, 4 val/cyl

Combustion Cycle 4-stroke

Emissions Level EPA Marine Tier 2

Typical Duty Cycle NRSC / NRTC

BSFC: 100% Load, Rated Speed* 200g/kW.h at 1050rpm

BSFC: 50% Load, 60% of Rated Speed* 200g/kW.h at 630rpm

Load, Idle Speed* 371g/kW.h at 450rpm

Bore and Stroke 228.6mm x 266.7mm

2518kW at 1050rpm

22091Nm at 1050rpm

17778kg

Yes

Yes

Electronic Fuel Injection

No

No
Source: Picture: GE V228 Brochure; Information: Ricardo Research, GE Website ; *BSFC estimated by Ricardo experts
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Class 66 GM EMD 710 engine is compared with modern 
engines from other market sectors

 A comparison of the rail engines against the engines identified from other market sectors using the 
Class 66 GM EMD 710 as the baseline rail engine showed that all the engines are turbocharged 
and aftercooled 

 Apart from the MTU 4000 engine which had EGR and DPF, the versions of the other engines 
included do not have EGR or aftertreatment systems

 External EGR has not been generally adopted in the past for these large engines as it is not as 
straight forward as in smaller engines requiring long route EGR unless a pump or 2
turbocharging is employed

 However, EGR is beginning to be introduced as a way of meeting tightening emissions limits

 DPF are generally not used on anything other than some mine haul trucks or engines used in 
tunnels at the moment and SCR is normally used in land based power stations needing to meet 
low NOx limits

 Both EGR and SCR are under consideration for future marine engines that are required to meet 
IMO T3 standards
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Class 66 GM EMD 710 engine is compared with modern 

A comparison of the rail engines against the engines identified from other market sectors using the 
Class 66 GM EMD 710 as the baseline rail engine showed that all the engines are turbocharged 

Apart from the MTU 4000 engine which had EGR and DPF, the versions of the other engines 
included do not have EGR or aftertreatment systems

External EGR has not been generally adopted in the past for these large engines as it is not as 
straight forward as in smaller engines requiring long route EGR unless a pump or 2-stage 

However, EGR is beginning to be introduced as a way of meeting tightening emissions limits

DPF are generally not used on anything other than some mine haul trucks or engines used in 
tunnels at the moment and SCR is normally used in land based power stations needing to meet 

Both EGR and SCR are under consideration for future marine engines that are required to meet 
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Freight engines – Comparison with non-
the difference in technologies, efficiency and emissions

Application 
Engine

Baseline Rail
Class  66

Industrial
MTU 4000

Key Features 139L, V12, 4 v/c 76.3L, V16, 4 v/c

Combustion Cycle 2-stroke

Emissions Level Stage 0 EU

Typical Duty Cycle ISO 8178-4 Cycle F NRSC 

BSFC: 100% Load, Rated Speed 201g/kW.h 205g/kW.h

BSFC: 50% Load, 60% of Rated Speed 201g/kW.h 205g/kW.h*

BSFC: 5% Load, Idle Speed 402g/kW.h 319g/kW.h*

Bore and Stroke 230 x 279 (mm) 170 x 210 (mm)

Peak Power 2460kW

Peak Torque 25563Nm** 10920Nm

Engine Weight 15000

Turbocharged Yes

Aftercooled Yes

Fuel System Pump / Cylinder

EGR No

Aftertreatment No

Source: *BSFC estimated by Ricardo experts; **Torque at rated speed 
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-rail sectors shows 
the difference in technologies, efficiency and emissions

Industrial
MTU 4000

Marine
CAT 3516C

Mining
Cummins QSK

Marine
GE V228

76.3L, V16, 4 v/c 78L, V16, 4 v/c 78L, V18, 4 v/c 131L, V12, 4 v/c

4-stroke 4-stroke 4-stroke 4-stroke

EU Stage IIIB Marine Tier 2 EPA Tier 2 Marine Tier 2

NRSC / NRTC NRSC / NRTC NRSC / NRTC NRSC / NRTC

205g/kW.h 208g/kW.h 200g/kW.h* 200g/kW.h*

205g/kW.h* 208g/kW.h* 200g/kW.h* 200g/kW.h*

319g/kW.h* 347g/kW.h* 305g/kW.h* 371g/kW.h*

170 x 210 (mm) 170 x 215 (mm) 170 x 190 (mm) 229 x 267 (mm)

2400kW 2525kW 2610kW 2518kW

10920Nm 13396Nm** 13771Nm 22091Nm**

9200 10255 10800 17778

Yes Yes Yes Yes

Yes Yes Yes Yes

CR EFI HPI EFI

Yes No No No

DPF No No No
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Improvements in fuel efficiency at idle for locomotives  
can be obtained using non-rail sector engine technology

 The comparison of the rail vs. non-rail sector engines on the previous slide shows that:

– Both the ‘rated speed’ and ‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 
engine are comparable with the known BSFC values for the engines with similar peak power 
from non-rail sectors that are reviewed

• No significant improvement in fuel efficiency is possible at high loads 
rail sector engines reviewed, although NOx and PM emissions would be greatly reduced

– The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
values for comparable engines from non-rail sectors that are reviewed

• An improvement of up to 20% in fuel efficiency at idle
possible to use the best non-rail sector engine reviewed
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Improvements in fuel efficiency at idle for locomotives  
rail sector engine technology

rail sector engines on the previous slide shows that:

Both the ‘rated speed’ and ‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 
engine are comparable with the known BSFC values for the engines with similar peak power 

No significant improvement in fuel efficiency is possible at high loads if using the non-
although NOx and PM emissions would be greatly reduced

The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
rail sectors that are reviewed

An improvement of up to 20% in fuel efficiency at idle could be obtained if it was 
rail sector engine reviewed
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Review of technologies to improve rail sector diesel powertrain efficiency

Other technologies that could be applied to the rail sector

efficient powertrain technology in GB rail – case studies

Barriers to successful adoption of more fuel efficient powertrain technology in GB rail

Summary of findings from stakeholder engagement

TECHNOLOGY PACKAGES SUITABLE FOR APPLICATION TO GB RAIL

Technology packages for freight locomotives

ESTIMATION OF COST BENEFITS & PAYBACK PERIODS

Cost savings and payback periods for DMU technology packages

Cost savings and payback periods for freight locomotive technology packages

Summary of cost benefits & payback periods

COMPANY OVERVIEWS, CONTACT DETAILS & GLOSSARY
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9 groups of technologies that could be applied to rail from 
non-rail sectors are reviewed in this section

 The first set of technologies aim to improve rail sector diesel powertrain efficiency:

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 The second set of technologies are ones that could be applied to the rail sector but will not 
necessarily improve diesel powertrain system efficiency:

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems

 Most of the technologies are reviewed using a one
application to rail in a number of categories including Technology Readiness Level (TRL), cost, 
reliability & durability and impact on noxious emissions (as shown on the next two slides)
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9 groups of technologies that could be applied to rail from 
rail sectors are reviewed in this section

The first set of technologies aim to improve rail sector diesel powertrain efficiency:

Hybrid Powertrain Systems & Energy Storage

The second set of technologies are ones that could be applied to the rail sector but will not 
necessarily improve diesel powertrain system efficiency:

Most of the technologies are reviewed using a one-slide format and are rated for their suitability to 
application to rail in a number of categories including Technology Readiness Level (TRL), cost, 
reliability & durability and impact on noxious emissions (as shown on the next two slides)
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Technology Readiness Levels (TRL) have been used to 
describe the state of a technology’s development

TRL 1

• Basic principles observed and reported
• Paper studies and scientific studies have been undertaken

TRL 2

• Speculative applications have been identified

• Application specific simulations or experiments have been performed

TRL 3

• Analytical and lab studies have physically validated predictions of individual technology elements or components which are no
yet integrated or representative

TRL 4

• Technology components and/or basic subsystems have been validated in lab or test house environment

• Basic concept observed in other industry sectors

TRL 5

• Technology components and/or basic system have been validated in relevant environment 
modified production vehicle

TRL 6

• Model or prototype of the system has been demonstrated as part of a vehicle which can simulate and validate all system 
specifications within an operational environment (e.g. Test track)

TRL 7
• Multiple prototypes have been demonstrated in an operational environment

TRL 8

• Test and demonstration phases have been completed to customers’ satisfaction

• Technology has been proven to work in its final form and under all expected conditions

TRL 9
• Real world deployment and performance of the technology is a success

Source: Picture: adapted from ‘Mankins (1995), Technology Readiness Levels: A White Paper (NASA)’ 
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Technology Readiness Levels (TRL) have been used to 
describe the state of a technology’s development

Application specific simulations or experiments have been performed

Analytical and lab studies have physically validated predictions of individual technology elements or components which are not 

Technology components and/or basic subsystems have been validated in lab or test house environment

Technology components and/or basic system have been validated in relevant environment – potentially through a mule or 

Model or prototype of the system has been demonstrated as part of a vehicle which can simulate and validate all system 
specifications within an operational environment (e.g. Test track)

Multiple prototypes have been demonstrated in an operational environment

Test and demonstration phases have been completed to customers’ satisfaction

Technology has been proven to work in its final form and under all expected conditions

Real world deployment and performance of the technology is a success

Source: Picture: adapted from ‘Mankins (1995), Technology Readiness Levels: A White Paper (NASA)’ 
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The technologies have been rated using the following 
simple guidelines

 Costs (Capital Cost of Technology / Development /  
Maintenance)

– 1: Significantly increased cost

– 2: Slightly increased cost

– 3: No change in cost

– 4: Slightly reduced cost

– 5: Significantly reduced cost

 Reliability and Durability

– 1: Significantly less reliable or durable

– 2: Slightly less reliable or durable

– 3: No change in reliability or durability

– 4: Slightly more reliable or durable

– 5: Significantly more reliable or durable

 Impact on Noxious Emissions

– 1: Emissions significantly increased

– 2: Emissions slightly increased

– 3: No change in emissions

– 4: Emissions slightly decreased

– 5: Emissions significantly decreased
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The technologies have been rated using the following 

Development /  

51 32 4

Neutral 
(no change)+ £+ ££ – ££– £

Increase Decrease

51 32 4

Neutral 
(no change)–– – + ++

Less More

51 32 4

Neutral 
(no change)++ + – ––

Increase Decrease
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Many technologies exist to improve rail sector diesel 
powertrain efficiency

1. Engine Enhancements

– Gas Exchange System

– Combustion System

– Engine Friction Reduction & 
Lubricants

– Fuel Additives

2. Engine Parasitic Loss 
Reduction

– Oil Pump 

– Water Pump 

– Compressor & Auxiliary 
Alternator

– Variable Speed Fans

– Heat Exchanger 
Arrangement

– Air Flow Rate Through 
Cooling Pack

3. Waste Heat Recovery

– Mechanical Turbocompound

– Electrical Turbocompound

– Thermoelectric Generators

– Rankine Cycle

– Stirling Engine

– Heat to Cool System

– Thermal-phase Change

– Chemical-fuel Reform

4. Transmission & Driveline 
Systems

– Mechanical Transmissions

– Hydraulic Infinitely Variable 
Transmission (IVT)

 The first set of technologies shown below are reviewed on the following slides
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Many technologies exist to improve rail sector diesel 

5. Hybrid Powertrain Systems & 
Energy Storage

– Stop / Start Battery System

– Mild Hybrid System

– Full Hybrid System

– High Speed Flywheels

– Batteries

– Ultracapacitors

– Hydraulics

6. Additional Efficiency 
Improvements

– Powertrain system 
optimisation 

– Multiple engine stop/start 
systems

– Auxiliary power units (APU) 

3. Waste Heat Recovery

Mechanical Turbocompound

Electrical Turbocompound

Thermoelectric Generators

Rankine Cycle

Stirling Engine

Heat to Cool System

phase Change

fuel Reform

4. Transmission & Driveline 

Mechanical Transmissions

Hydraulic Infinitely Variable 
Transmission (IVT)

The first set of technologies shown below are reviewed on the following slides
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems

55© Ricardo plc 2012RD.12/28301.114 March 2012

Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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Improvements to engine gas exchange systems will improve 
efficiency by minimising engine breathing losses

Engine Enhancements – Gas Exchange System

Description

 Apply latest turbocharger technology to minimise

 Minimise air/exhaust pressure losses by improving 

 Apply charge air cooling where currently not used; 

Explanation of
Potential FE
Benefit Values

 Intercity / Local: Breathing (pumping) work is typically <10% of fuel burned and can 
never be completely eliminated even by the best turbocharging, so 2 

 Freight: Proportion of time idling is much higher, so less useful benefit than above

Key Limitations to 
Rail Application

 Whilst it is relatively easy to apply these enhancements, because of the bespoke 
nature of the DMU fleet there is no ‘one-size
(including packaging and durability validation) will be required for all new systems 

Category Comments

Technology 
Maturity

 TRL 9 – applied to rail applications already 

Capital Cost of 
Technology

 Cost of components is comparable with existing hardware

 OTS components exist in non-rail sectors

Development Cost
 Cost of development should be relatively low, as replacing similar components with 

improved hardware. Packaging is unlikely to be significantly

Maintenance Cost
 Maintenance of air filters and turbochargers is the same compared with older 

hardware

Reliability and 
Durability

 Assuming well-specified hardware in a robust development and procurement
programme, the reliability and durability should improve over older hardware 

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Improvements to engine gas exchange systems will improve 
efficiency by minimising engine breathing losses

minimise pumping work

air/exhaust pressure losses by improving technology & pipework routing

Apply charge air cooling where currently not used; optimise where already used

Intercity / Local: Breathing (pumping) work is typically <10% of fuel burned and can 
never be completely eliminated even by the best turbocharging, so 2 – 3% realistic

Freight: Proportion of time idling is much higher, so less useful benefit than above

these enhancements, because of the bespoke 
size-fits-all’ solution. System integration 

(including packaging and durability validation) will be required for all new systems 

– Rating         +

of components is comparable with existing hardware

Cost of development should be relatively low, as replacing similar components with 
improved hardware. Packaging is unlikely to be significantly affected

Maintenance of air filters and turbochargers is the same compared with older 

robust development and procurement
, the reliability and durability should improve over older hardware 

direct impact other than via fuel consumption reduction

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Intercity: 3%
Local: 3%
Freight: 2%

51 32 4

51 32 4
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Improvements to combustion system design and the use of 
advanced fuel injection equipment (FIE) can improve fuel efficiency, 
without any detrimental effect to NOx emissions

Engine Enhancements – Combustion System

Description
 The use of controllable injection timing and pressure using advanced FIE (including 

common rail systems) with inlet charge temperature control will improve efficiency

 Improved inlet air swirl and flow will be beneficial in most cases

Explanation of
Potential FE
Benefit Values

 Intercity / Local: Combustion efficiency under load is only small contributor to overall 
engine efficiency (the other main contributors are friction and breathing) 

 Freight: Even a moderate improvement in idle efficiency has a large impact

Key Limitations to 
Rail Application

 Retrofit of modern CR FIE to legacy engines (design, package

 System integration of electronic control

Category Comments

Technology 
Maturity

 TRL 9 – Already applied in new engines at NRMM Stage IIIA and beyond

Capital Cost of 
Technology

 Increased part costs over older mechanical FIE

Development Cost  Cost of development will be expensive but must be done thoroughly

Maintenance Cost
 Assuming well-specified hardware in a robust development and procurement

programme the maintenance will be similar to existing technology

Reliability and 
Durability

 Already applied in new engines at NRMM Stage IIIA, so reliability
proven; however, development programme for a new system must be robust

Impact on Noxious 
Emissions

 NOx is deliberately held at legacy engine levels to allow fuel consumption 
improvement. Particulate matter (PM) emissions should reduce
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Improvements to combustion system design and the use of 
advanced fuel injection equipment (FIE) can improve fuel efficiency, 
without any detrimental effect to NOx emissions

injection timing and pressure using advanced FIE (including 
common rail systems) with inlet charge temperature control will improve efficiency

inlet air swirl and flow will be beneficial in most cases

Intercity / Local: Combustion efficiency under load is only small contributor to overall 
engine efficiency (the other main contributors are friction and breathing) 

Freight: Even a moderate improvement in idle efficiency has a large impact

Retrofit of modern CR FIE to legacy engines (design, package space)

– Rating         +

Already applied in new engines at NRMM Stage IIIA and beyond

Increased part costs over older mechanical FIE

Cost of development will be expensive but must be done thoroughly

robust development and procurement
programme the maintenance will be similar to existing technology

Already applied in new engines at NRMM Stage IIIA, so reliability of components is 
development programme for a new system must be robust

NOx is deliberately held at legacy engine levels to allow fuel consumption 
improvement. Particulate matter (PM) emissions should reduce

Potential FE Benefit 
Intercity: 2%
Local: 3%
Freight: 10%

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4



Q57475 Unrestricted

See Word-style document for full details of the study

Engine friction reduction can improve efficiency through the use of 
detail design features, surface coatings and lubricant specification

Engine Enhancements – Engine Friction Reduction & Lubricants

Description
 Revised design of components such as piston rings, piston skirt

with the use of surface coatings on piston rings

 Lubricant viscosity reduction could result in an

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: Base engine friction is primarily driven by the size, number 
and surface area of engine bearings and sliding surfaces. Detail design of those 
surfaces can improve overall friction, but only by a limited amount

Key Limitations to 
Rail Application

 Trade-off with durability 

 Would require careful durability assessment and validation
risks of design, surface and lubricant modifications

Category Comments

Technology 
Maturity

 State of the art engine design for low friction already applied in the design of new 
engines. (New low friction coatings transitioning from TRL 8 to TRL 9)

Capital Cost of 
Technology

 Surface optimisation may use proprietary coatings/processes

 Lubricant oil change may increase cost slightly but will reduce fuel consumption

Development Cost
 Surface optimisation requires retrofit /redesign, and may use proprietary 

coatings/processes, all changes would need robust validation

Maintenance Cost  Overhaul cost increase

Reliability and 
Durability

 Must be engineered to be neutral. A moderate reduction in viscosity of the lubricant 
could result in a small increase in fuel efficiency without creating a significant risk 

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Engine friction reduction can improve efficiency through the use of 
detail design features, surface coatings and lubricant specification

Engine Friction Reduction & Lubricants

Revised design of components such as piston rings, piston skirt and bearings, along 
with the use of surface coatings on piston rings and liners will reduce friction losses

could result in an increase in fuel efficiency

Intercity / Local / Freight: Base engine friction is primarily driven by the size, number 
and surface area of engine bearings and sliding surfaces. Detail design of those 
surfaces can improve overall friction, but only by a limited amount

Would require careful durability assessment and validation because of increased 
risks of design, surface and lubricant modifications

– Rating         +

State of the art engine design for low friction already applied in the design of new 
low friction coatings transitioning from TRL 8 to TRL 9)

may use proprietary coatings/processes

Lubricant oil change may increase cost slightly but will reduce fuel consumption

/redesign, and may use proprietary 
coatings/processes, all changes would need robust validation

Must be engineered to be neutral. A moderate reduction in viscosity of the lubricant 
could result in a small increase in fuel efficiency without creating a significant risk 

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 1%
Local: 1%
Freight: <1%

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4



Q57475 Unrestricted

See Word-style document for full details of the study

Adding friction modifiers to fuel can improve efficiency by reducing 
engine friction after they enter the lubricant

Engine Enhancements – Fuel Additives

Description

 Adding friction modifiers to fuel reduces engine friction after they enter the lubricant 

 Reduced engine friction and cleaner combustion results,

 Clean-up / keep-clean additives are added to fuel to improve engine performance

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: Fuel economy savings will be related to the duty cycle and 
will be greatest where frictional impacts on FE are greatest. Clean
dependant on an individual engine’s prior history

Key Limitation to 
Rail Application

 Increase in fuel cost may be prohibitive unless a viable price is negotiated with fuel 
or additive companies

Category Comments

Technology 
Maturity

 Clean-up and keep-clean fuel additives are currently used for road vehicles
superfuels (such as BP Ultimate, Shell V-Power and Total 

Capital Cost of 
Technology

 Fuel price/litre may increase significantly for fuel with clean
prove to be beneficial in terms of fuel consumption

Development Cost
 Easy to package and integrate with other systems as fuel with additives would 

replace current fuel in existing system

Maintenance Cost
 Reduced engine friction could extend engine life but initial risk of deposit relocation 

having unexpected effects on engine. May lead to initial increased maintenance risk

Reliability and 
Durability

 Initial maintenance risk could affect durability. ‘Run
previous reliability levels

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction

Source: http://www.autoserviceprofessional.com
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Adding friction modifiers to fuel can improve efficiency by reducing 
engine friction after they enter the lubricant

Adding friction modifiers to fuel reduces engine friction after they enter the lubricant 

Reduced engine friction and cleaner combustion results, reducing fuel consumption

clean additives are added to fuel to improve engine performance

Fuel economy savings will be related to the duty cycle and 
will be greatest where frictional impacts on FE are greatest. Clean-up effects will be 
dependant on an individual engine’s prior history

Increase in fuel cost may be prohibitive unless a viable price is negotiated with fuel 

– Rating         +

clean fuel additives are currently used for road vehicles in 
Power and Total Excellium)

may increase significantly for fuel with clean-up additives, but could 
prove to be beneficial in terms of fuel consumption

Easy to package and integrate with other systems as fuel with additives would 

Reduced engine friction could extend engine life but initial risk of deposit relocation 
having unexpected effects on engine. May lead to initial increased maintenance risk

Initial maintenance risk could affect durability. ‘Run-in’ engines should return to 

direct impact other than via fuel consumption reduction

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Intercity: <1%
Local: <1%
Freight: <1%

51 32 4

http://www.autoserviceprofessional.com/


Q57475 Unrestricted

See Word-style document for full details of the study

 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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Use of a variable displacement oil pump and/or switchable piston 
cooling oil jets will reduce parasitic losses

Engine Parasitic Loss Reduction – Oil Pump

Description

 Lubricant oil pumps, cooling jets and coolant pumps have to deal with high 
low to mid engine speed; efficiency is improved by the use of variable 
flow/switchable oil pumps and controlled oil jets which consume less power at low 
speed low to mid loads but also high speed and mid to high loads

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 
speed

Key Limitations to 
Rail Application

 Durability – lubrication system modifications require careful durability validation

Category Comments

Technology 
Maturity

 Mature technology in heavy duty engines

Capital Cost of 
Technology

 20 – 30% more expensive than a conventional oil pump

Development Cost  A significant engineering development cost for engine supplier

Maintenance Cost  Maintenance free

Reliability and 
Durability

 Engine lifetime fit, consequence of failure potentially catastrophic so must be robust

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Use of a variable displacement oil pump and/or switchable piston 
cooling oil jets will reduce parasitic losses

Lubricant oil pumps, cooling jets and coolant pumps have to deal with high flow at 
low to mid engine speed; efficiency is improved by the use of variable 
flow/switchable oil pumps and controlled oil jets which consume less power at low 
speed low to mid loads but also high speed and mid to high loads

Intercity / Local / Freight: These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 

lubrication system modifications require careful durability validation

– Rating         +

than a conventional oil pump

ngineering development cost for engine supplier

lifetime fit, consequence of failure potentially catastrophic so must be robust

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 1%
Local: 1%
Freight: 1%

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4
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Use of a variable flow coolant pump on the engine will reduce 
parasitic losses

Engine Parasitic Loss Reduction – Water Pump

Description

 Coolant pumps is sized for high speed and high loads 

 Variable flow/switchable coolant pumps consume less power at low

 Reducing coolant flow helps the engine achieve an efficient temperature quicker

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 
speed

Key Limitations to 
Rail Application

 Durability – coolant system modifications require careful durability validation

 Poor benefit if engine is used most of the time at high loads

 Packaging and system integration

Category Comments

Technology 
Maturity

 TRL9 for variable flow pump

Capital Cost of 
Technology

 30 – 100% more expensive than a conventional mechanical coolant pump

Development Cost  A significant engineering development cost for engine supplier

Maintenance Cost  Maintenance free

Reliability and 
Durability

 Engine lifespan will be increased by reducing engine wear through better control of 
engine temperature

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Use of a variable flow coolant pump on the engine will reduce 

high speed and high loads 

Variable flow/switchable coolant pumps consume less power at low-mid speed/load

Reducing coolant flow helps the engine achieve an efficient temperature quicker

These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 

coolant system modifications require careful durability validation

Poor benefit if engine is used most of the time at high loads

– Rating         +

00% more expensive than a conventional mechanical coolant pump

ngineering development cost for engine supplier

lifespan will be increased by reducing engine wear through better control of 

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 1%
Local: 1%
Freight: 1%

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

Source: Linnig
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Improvements to efficiency can be made by only charging systems 
when required – clutched or electric drives can maximise operation 
in overrun conditions (coasting/braking)

Engine Parasitic Loss Reduction – Compressor & Auxiliary Alternator

Description
 These technologies replenish stored energy (air reservoir, battery) over periodic 

charge/discharge cycles dependent on demands; ensure compressor/alternator only
consume engine power when needed using 

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 
speed. Most of that is base engine friction which these technologies cannot address

Key Limitations to 
Rail Application

 Limited benefits for significant cost

 Packaging and system integration

Category Comments

Technology 
Maturity

 Smart alternator is already in mainstream automotive engines

Capital Cost of 
Technology

 Electric drives will require larger auxiliary alternator and

Development Cost  Electric drive would allow re-siting of compressor off

Maintenance Cost
 Electric drive would be effectively maintenance free. Clutches will need periodic 

replacement

Reliability and 
Durability

 Reliability of electric drives would be very high. Clutches would be sized generously 
to ensure a life which integrates with periodic overhaul of the power equipment

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Improvements to efficiency can be made by only charging systems 
clutched or electric drives can maximise operation 

in overrun conditions (coasting/braking)

Compressor & Auxiliary Alternator

These technologies replenish stored energy (air reservoir, battery) over periodic 
charge/discharge cycles dependent on demands; ensure compressor/alternator only
consume engine power when needed using clutched or electric drives 

These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 

. Most of that is base engine friction which these technologies cannot address

– Rating         +

Smart alternator is already in mainstream automotive engines

Electric drives will require larger auxiliary alternator and additional controls

of compressor off-engine

Electric drive would be effectively maintenance free. Clutches will need periodic 

be very high. Clutches would be sized generously 
to ensure a life which integrates with periodic overhaul of the power equipment

direct impact other than via fuel consumption reduction

2 91 5 63 4 7 8

Potential FE Benefit 
Intercity: 2%
Local: 2%
Freight: 1%

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4
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Efficiency can be improved through the use of switchable fan drives 
(hydrostatic or electric) to reduce cooling pack power consumption

Engine Parasitic Loss Reduction – Variable Speed Fans 

Description
 Use continuously controlled fan drives (hydrostatic or electric)  that are independent 

of engine speed

 Already used on many DMUs but could expand to freight locomotives

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 
speed. Most of that is base engine friction which these technologies cannot address

Key Limitations to 
Rail Application

 Packaging, system integration & development costs 

Category Comments

Technology 
Maturity

 TRL9 – 1 supplier has a solution since 2009

Capital Cost of 
Technology

 20 – 30% more expensive compared to a fixed speed hydraulic fan

Development Cost
 Significant engineering cost for calibrating the fan control speed based on different 

fluid temperatures (e.g. engine coolant, engine oil and charge air temperature)

Maintenance Cost  None

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Efficiency can be improved through the use of switchable fan drives 
(hydrostatic or electric) to reduce cooling pack power consumption

Variable Speed Fans 

fan drives (hydrostatic or electric)  that are independent 

Already used on many DMUs but could expand to freight locomotives

These technologies address only part of the engine 
frictional losses, which is approximately 13% of engine fuel burn at maximum engine 

. Most of that is base engine friction which these technologies cannot address

Packaging, system integration & development costs 

– Rating         +

1 supplier has a solution since 2009

fixed speed hydraulic fan

cost for calibrating the fan control speed based on different 
fluid temperatures (e.g. engine coolant, engine oil and charge air temperature)

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 1.5%
Local: 1.5%
Freight: 1%

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

51 32 4
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Heat exchanger design and arrangement can improve efficiency by 
reducing cooling pack size, weight and fan power requirements

Engine Parasitic Loss Reduction – Heat Exchanger Arrangement

Description
 New design of heat exchangers can improve efficiency by increasing the heat 

transfer rate between coolant and ambient air in a variety of ways including: metal 
foam, graphite foam, winglets on the coolant side or louvers on the air side

Explanation of
Potential FE
Benefit Values

 Intercity/ Local / Freight: Reduction in parasitic losses due to higher efficiency of heat 
exchangers

Key Limitation to 
Rail Application

 Cost of technology

 Fouling of heat exchanger on air side

Category Comments

Technology 
Maturity

 TRL9 for winglets and louvers on radiators

 TRL6 for metal or graphite foam radiators

Capital Cost of 
Technology

 5 – 10% more expensive for winglets and louvers

 30% more expensive for metal and graphite foams

Development Cost  Limited development required

Maintenance Cost  May request heat exchanger cleaning more frequently

Reliability and 
Durability

 Risk of fouling which leads to loss of cooling performance

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction, although p
reduce noxious emissions if charge air cooling is improved
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Heat exchanger design and arrangement can improve efficiency by 
reducing cooling pack size, weight and fan power requirements

Heat Exchanger Arrangement

heat exchangers can improve efficiency by increasing the heat 
transfer rate between coolant and ambient air in a variety of ways including: metal 
foam, graphite foam, winglets on the coolant side or louvers on the air side

in parasitic losses due to higher efficiency of heat 

– Rating         +

0% more expensive for winglets and louvers

more expensive for metal and graphite foams

May request heat exchanger cleaning more frequently

to loss of cooling performance

direct impact other than via fuel consumption reduction, although potential to 
reduce noxious emissions if charge air cooling is improved

Potential FE Benefit 
Intercity: <1%
Local: <1%
Freight: <1%

51 32 4

51 32 4

51 32 4

21 53 4 7 8 96

51 32 4

51 32 4

Source: Behr



Q57475 Unrestricted

See Word-style document for full details of the study

Cooling pack air flow management can improve efficiency by 
reducing fan power requirement

Engine Parasitic Loss Reduction – Air Flow Rate Through Cooling Pack

Description
 Use of ram air for cooling heat exchangers (at the moment, only fans are cooling the 

heat exchangers)

Explanation of
Potential FE
Benefit Values

 Intercity/ Local / Freight: Reduction in parasitic losses due to less use of the fan for 
cooling the heat exchangers

Key Limitation to 
Rail Application

 Trade-off with increased aerodynamic drag will need careful optimisation

Category Comments

Technology 
Maturity

 TRL1 so requires development to realise potential benefits

Capital Cost of 
Technology

 Cost for air guide and vanes which could be in plastic or composite

Development Cost
 Engineering cost for CAE activities that are new for rail sector to design the air guide 

and vanes on the heat exchangers (for both directions of travel for DMUs)

Maintenance Cost  Cleaning, but should be simple

Reliability and 
Durability

 No change

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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Cooling pack air flow management can improve efficiency by 

Air Flow Rate Through Cooling Pack

of ram air for cooling heat exchangers (at the moment, only fans are cooling the 

in parasitic losses due to less use of the fan for 

off with increased aerodynamic drag will need careful optimisation

– Rating         +

potential benefits

Cost for air guide and vanes which could be in plastic or composite

cost for CAE activities that are new for rail sector to design the air guide 
and vanes on the heat exchangers (for both directions of travel for DMUs)

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: <1%
Local: <1%
Freight: <1%

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

2 91 5 63 4 7 8

Source: AKG
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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A mechanical turbocompound system recovers waste heat from the 
hot exhaust gas via a power turbine downstream of the turbocharger 
turbine to feed power to the crankshaft

Waste Heat Recovery – Mechanical Turbocompounding

Description
 Exhaust gas energy recovery with an additional power turbine (

turbocharger turbine) which is linked to a gear drive

 Fixed geared or hydrodynamic transmission to crankshaft

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: The gear drive transfers the energy on to the crankshaft 
providing extra torque. Large time spent at idle in freight applications reduces its 
potential FE benefit; but if stop/start is applied the savings could be much greater

Key Limitation to 
Rail Application

 This technology is only really effective at high engine power, and suffers mechanical 
transmission losses in harvesting power from the exhaust to the engine crankshaft 

 Challenging system integration due to wide speed ratio between engine and turbine

Category Comments

Technology 
Maturity

 Mature technology in heavy duty engines

Capital Cost of 
Technology

 Additional 5 – 10% of engine cost

Development Cost
 Engineering development is significant: turbocharger matching, design of exhaust 

line/gear drive

Maintenance Cost
 Additional system required therefore slight increase in maintenance cost but no 

major impact

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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A mechanical turbocompound system recovers waste heat from the 
hot exhaust gas via a power turbine downstream of the turbocharger 

Mechanical Turbocompounding

additional power turbine (downstream of 
which is linked to a gear drive

Fixed geared or hydrodynamic transmission to crankshaft

transfers the energy on to the crankshaft 
providing extra torque. Large time spent at idle in freight applications reduces its 

FE benefit; but if stop/start is applied the savings could be much greater

This technology is only really effective at high engine power, and suffers mechanical 
transmission losses in harvesting power from the exhaust to the engine crankshaft 

Challenging system integration due to wide speed ratio between engine and turbine

– Rating         +

turbocharger matching, design of exhaust 

Additional system required therefore slight increase in maintenance cost but no 

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction 51 32 4

Potential FE Benefit 
Intercity: 5%
Local: 5%
Freight: 2%

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9
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An electrical turbocompound system recovers waste heat from the 
hot exhaust gas via a power turbine downstream of the turbocharger 
turbine to generate electrical power

Waste Heat Recovery – Electrical Turbocompounding

Description
 Exhaust gas energy recovery with an additional power turbine (

turbocharger turbine) in combination with an electric generator / motor

 High speed generator driven by turbine, feeding power to vehicle electrical network

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: Recovered electrical energy can be stored or used by other 
electrical devices. Electrical transmission losses are slightly less than the mechanical 
counterpart

Key Limitation to 
Rail Application

 Needs engine turbocharger matching

 Requires system integration into vehicle electrical network to effectively use stored 
power (for either traction or auxiliary load)

Category Comments

Technology 
Maturity

 TRL7 in automotive heavy duty applications

Capital Cost of 
Technology

 Additional 5 – 10% of engine cost

Development Cost
 Engineering development is significant: turbocharger matching, control/command 

and DC/DC converter integration

Maintenance Cost
 Additional system required therefore slight increase in maintenance cost but no 

major impact

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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An electrical turbocompound system recovers waste heat from the 
hot exhaust gas via a power turbine downstream of the turbocharger 

additional power turbine (downstream of 
in combination with an electric generator / motor

speed generator driven by turbine, feeding power to vehicle electrical network

Recovered electrical energy can be stored or used by other 
Electrical transmission losses are slightly less than the mechanical 

Requires system integration into vehicle electrical network to effectively use stored 

– Rating         +

in automotive heavy duty applications

turbocharger matching, control/command 

Additional system required therefore slight increase in maintenance cost but no 

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 7%
Local: 7%
Freight: 4%

21 5 63 4 8 97

51 32 4

51 32 4

Bowman Power

51 32 4

51 32 4

51 32 4
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A thermoelectric generator system recovers waste heat from the hot 
exhaust gas with heat exchangers in which thermoelectric materials 
convert temperature differentials directly into electrical energy

Waste Heat Recovery – Thermoelectric Generators

Description
 Exhaust gas energy recovery with heat exchangers in which thermoelectric materials 

are installed between exhaust gas (hot side) and coolant (cold side)

Explanation of
Potential FE
Benefit Values

 Intercity/Local/Freight: Thermoelectric generators using Seebeck effect 
temperature differentials directly into electrical energy 

Key Limitation to 
Rail Application

 Cost effective thermoelectric material under development 

 Packaging of heat exchanger on exhaust line will be challenging

 Needs hybridisation or ancillary electrification

Category Comments

Technology 
Maturity

 TRL5 in automotive heavy duty applications

Capital Cost of 
Technology

 Additional 5 – 10% increase in engine cost

Development Cost
 Engineering for DC/DC converter and integration

(or instead of EGR cooler)

Maintenance Cost  May need exhaust heat cleaning

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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A thermoelectric generator system recovers waste heat from the hot 
with heat exchangers in which thermoelectric materials 

convert temperature differentials directly into electrical energy

Exhaust gas energy recovery with heat exchangers in which thermoelectric materials 
are installed between exhaust gas (hot side) and coolant (cold side)

Thermoelectric generators using Seebeck effect converts 
temperature differentials directly into electrical energy 

material under development 

heat exchanger on exhaust line will be challenging

or ancillary electrification

– Rating         +

in automotive heavy duty applications

integration of heat exchanger on exhaust line 

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 4%
Local: 4%
Freight: 4%

51 32 4

51 32 4

51 32 4

51 32 4

2 91 63 4 7 85

51 32 4
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A Rankine cycle system recovers waste heat from the hot exhaust 
gas (and/or coolant heat from heat exchanger) to drive an additional 
power turbine/expander to generate energy

Waste Heat Recovery – Rankine Cycle

Description
 Exhaust gas heat and or coolant heat used in exchanger to drive an additional power 

turbine/expander to generate energy

Explanation of
Potential FE
Benefit Values

 Intercity/Local/Freight: Energy supplied could be mechanical (mechanical 
expander/turbine) or electrical

Key Limitation to 
Rail Application

 Packaging of heat exchangers / complex gear drive

 Needs hybridisation or ancillary electrification in case of electrical expander

Category Comments

Technology 
Maturity

 TRL5 in automotive heavy duty applications. 
diesel (already used for stationary applications)

Capital Cost of 
Technology

 Additional 15 – 25% increase in engine cost

Development Cost
 Engineering for new components for powertrain engineers, new fluid, control / 

command, DC/DC converter integration and integration of new heat exchangers

Maintenance Cost  May need exhaust line heat exchanger cleaning

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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A Rankine cycle system recovers waste heat from the hot exhaust 
and/or coolant heat from heat exchanger) to drive an additional 

power turbine/expander to generate energy

Exhaust gas heat and or coolant heat used in exchanger to drive an additional power 

Energy supplied could be mechanical (mechanical 

Packaging of heat exchangers / complex gear drive in case of mechanical expander

or ancillary electrification in case of electrical expander

– Rating         +

in automotive heavy duty applications. Technology under development for HD 
diesel (already used for stationary applications)

engine cost

for new components for powertrain engineers, new fluid, control / 
command, DC/DC converter integration and integration of new heat exchangers

May need exhaust line heat exchanger cleaning

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 3 – 7%
Local: 3 – 7%
Freight: 3 – 7%

2 91 63 4 7 85

51 32 4

51 32 4

51 32 4

51 32 4
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A Stirling engine system recovers waste heat from hot exhaust gas 
(and/or coolant heat from heat exchanger) to drive a Stirling engine

Waste Heat Recovery – Stirling Engine

Description
 Exhaust gas heat and or coolant heat used in exchanger to drive an engine (called 

Stirling engine)

Explanation of
Potential FE
Benefit Values

 Intercity/Local/Freight: Energy supplied could be mechanical (mechanical 
expander/turbine) or electrical

Key Limitation to 
Rail Application

 Low technology maturity, high capital cost and difficulty
exchanger on exhaust line or complex gear drive

 Needs hybridisation or ancillary electrification in case of electrical expander

Category Comments

Technology 
Maturity

 TRL4 on passenger car

 TRL9 on solar application (solar concentrator)

Capital Cost of 
Technology

 Additional 10 – 20% increase in engine cost

Development Cost
 Engineering: new components to be used by powertrain engineers, DC/DC converter 

integration and integration of new heat exchanger on exhaust line

Maintenance Cost  May need exhaust heat exchanger cleaning

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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A Stirling engine system recovers waste heat from hot exhaust gas 
and/or coolant heat from heat exchanger) to drive a Stirling engine

Exhaust gas heat and or coolant heat used in exchanger to drive an engine (called 

Energy supplied could be mechanical (mechanical 

high capital cost and difficulty of packaging of heat 
complex gear drive in case of mechanical expander

or ancillary electrification in case of electrical expander

– Rating         +

TRL9 on solar application (solar concentrator)

engine cost

new components to be used by powertrain engineers, DC/DC converter 
integration and integration of new heat exchanger on exhaust line

May need exhaust heat exchanger cleaning

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 3 – 7%
Local: 3 – 7%
Freight: 3 – 7%

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

51 32 4
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Waste Heat Recovery – Heat to Cool System

Description
 Waste heat (from exhaust and coolant) energy recovery with heat exchangers for 

refrigerating the cabin

Explanation of
Potential FE
Benefit Values

 Intercity / Local / Freight: Utilising heat-generated cooling in vehicles could reduce 
the amount of fuel used for air conditioning. Different solutions are being studied 
including: absorption systems, adsorption systems

Key Limitation to 
Rail Application

 Low technology maturity, high capital cost and packaging of heat exchangers

 The development of the Heat to Cool solutions needs to be done in good synergy
between powertrain integration and HVAC integration

Category Comments

Technology 
Maturity

 TRL4 – not applied yet on automotive applications

Capital Cost of 
Technology

 Additional 10 – 20% increase in engine cost

Development Cost
 Engineering: new components to be used by powertrain engineers, new fluid, 

control/command and integration of new heat exchangers

Maintenance Cost  May need exhaust heat exchanger cleaning

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction

A ‘Heat to Cool’ system recovers waste heat from hot exhaust gas 
(and/or coolant heat) with heat exchangers to refrigerate the cabin
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Waste heat (from exhaust and coolant) energy recovery with heat exchangers for 

generated cooling in vehicles could reduce 
the amount of fuel used for air conditioning. Different solutions are being studied 

absorption systems, adsorption systems and thermoacoustics

high capital cost and packaging of heat exchangers

The development of the Heat to Cool solutions needs to be done in good synergy
between powertrain integration and HVAC integration

– Rating         +

not applied yet on automotive applications

engine cost

new components to be used by powertrain engineers, new fluid, 
control/command and integration of new heat exchangers

May need exhaust heat exchanger cleaning

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 2 – 5%
Local: 2 – 5%
Freight:      2 – 5%

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

A ‘Heat to Cool’ system recovers waste heat from hot exhaust gas 
and/or coolant heat) with heat exchangers to refrigerate the cabin

51 32 4

Absorption cycle
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A Chemical Fuel Reform system recovers waste heat from the hot 
exhaust gas to generate synthetic gas for fuel enrichment

Waste Heat Recovery – Chemical Fuel Reform

Description
 Exhaust heat used to generate synthetic gas (

 The syngas can be burnt and so can be used as a fuel source

Explanation of
Potential FE
Benefit Values

 Intercity/Local/Freight: Fuel reforming increases the calorific value of a portion of 
fuel, using heat to initiate chemical reaction

Key Limitation to 
Rail Application

 Low technology maturity, high capital cost and feasibility for rail

Category Comments

Technology 
Maturity

 TRL3

Capital Cost of 
Technology

 Additional 10 – 20% increase in engine cost

Development Cost  Engineering: heat exchanger on exhaust line, fuel reformer design

Maintenance Cost  May need exhaust heat exchanger cleaning

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 May improve NOx/PM trade-off, along with a 
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A Chemical Fuel Reform system recovers waste heat from the hot 
exhaust gas to generate synthetic gas for fuel enrichment

Exhaust heat used to generate synthetic gas (syngas) for fuel enrichment

can be burnt and so can be used as a fuel source

Fuel reforming increases the calorific value of a portion of 
fuel, using heat to initiate chemical reaction

high capital cost and feasibility for rail

– Rating         +

engine cost

line, fuel reformer design

May need exhaust heat exchanger cleaning

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

off, along with a fuel consumption reduction

Potential FE Benefit 
Intercity: 1 – 3%
Local: 1 – 3%
Freight: 1 – 3%

51 32 4

51 32 4

51 32 4

51 32 4

2 91 64 7 853

51 32 4
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A Thermal Phase Change system stores waste heat from the hot 
exhaust gas or cooling circuit or cold fluid from the air conditioning 
circuit and releases it when needed 

Waste Heat Recovery – Thermal Phase Change

Description
 Store heat (or cold) when produced and not needed

 Storage could be done as: specific or latent (phase change materials)

Explanation of
Potential FE
Benefit Values

 Intercity/Local/Freight: Improve engine/cabin warm
parasitic losses for the same cabin thermal comfort

Key Limitation to 
Rail Application

 Cost (for latent solution)

 Packaging (for specific solution)

Category Comments

Technology 
Maturity

 TRL5 (latent) on passenger car and HDD

 TRL9 (specific)

Capital Cost of 
Technology

 Additional 2 – 4% increase in engine cost

Development Cost
 Engineering: system integration, cooling circuit development

circuit development

Maintenance Cost
 Additional system required therefore slight increase in maintenance cost but no 

major impact

Reliability and 
Durability

 Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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A Thermal Phase Change system stores waste heat from the hot 
exhaust gas or cooling circuit or cold fluid from the air conditioning 

Store heat (or cold) when produced and not needed and released it when needed

Storage could be done as: specific or latent (phase change materials)

Intercity/Local/Freight: Improve engine/cabin warm-up and cool-down; reduce 
parasitic losses for the same cabin thermal comfort

– Rating         +

Engineering: system integration, cooling circuit development and air conditioning

Additional system required therefore slight increase in maintenance cost but no 

Currently unproven in the rail sector but with appropriate development program, 
reliability and durability should remain the same

direct impact other than via fuel consumption reduction

Potential FE Benefit 
Intercity: 1 – 2%
Local: 1 – 2%
Freight: 1 – 2%

2 91 63 4 7 85

51 32 4

51 32 4

51 32 4

Source: Delphi PCM evaporator

51 32 4

51 32 4
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Transmission & Driveline Systems

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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New mechanical transmissions offer large efficiency benefits over 
the Voith T211 transmission in passenger DMUs

Transmission & Driveline Systems – Mechanical Transmissions

Description
 New mechanical transmissions offer large fuel consumption benefits over the Voith 

T211 transmission (e.g. ZF 5HP Ecomat, ZF 6AP
DIWA Rail).  FE benefit is route profile driven; more halts/route offer increased FE

Explanation of
Potential FE
Benefit Values

 Intercity: Faster accelerating, better ratios for cruising, multi

 Local:  Faster accelerating, early torque convertor lock out, retarder

 Freight: Mechanical transmissions unlikely to offer any benefit

Key Limitation to 
Rail Application

 Durability untested for DMU, only simulated

 Separate reverser required, in some cases affecting space availability

 Clutch durability for “cruising” transmissions

Category Comments

Technology 
Maturity

 TRL 9; both ZF units are currently operating in Rail vehicles; Class 172 now entering 
service in UK  with Chiltern, London Midland & East Midlands Trains. 
still largely untested except for some small, single rail cars in rural Germany

Capital Cost of 
Technology

 Costs of new units are approximately 50% of Voith T211;
make retro-fit a viable option. ZF Ecomat to trial with Chiltern & SW Trains as retro

Development Cost
 Compared to fuel savings (up to 20% depending on duty cycle), development 

appears relatively inexpensive. Packaging costs for retro

Maintenance Cost
 Easier to maintain; costs 50% less to maintain; any errors can be interrogated at 

track side for potential fixes

Reliability and 
Durability

 Reliability and durability are comparable to Voith
ZF Ecomat) is 40% more durable and 5% more FE than its predecessor ZF 

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction
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New mechanical transmissions offer large efficiency benefits over 
the Voith T211 transmission in passenger DMUs

Mechanical Transmissions

echanical transmissions offer large fuel consumption benefits over the Voith 
ZF 6AP Ecolife, ZF ASTronic Rail, Voith

DIWA Rail).  FE benefit is route profile driven; more halts/route offer increased FE

Intercity: Faster accelerating, better ratios for cruising, multi-speed AMT

Local:  Faster accelerating, early torque convertor lock out, retarder

Freight: Mechanical transmissions unlikely to offer any benefit

untested for DMU, only simulated

Separate reverser required, in some cases affecting space availability

Clutch durability for “cruising” transmissions

– Rating         +

9; both ZF units are currently operating in Rail vehicles; Class 172 now entering 
service in UK  with Chiltern, London Midland & East Midlands Trains. Voith DIWA is 
still largely untested except for some small, single rail cars in rural Germany

Costs of new units are approximately 50% of Voith T211; operating FE savings could 
fit a viable option. ZF Ecomat to trial with Chiltern & SW Trains as retro-fit

to fuel savings (up to 20% depending on duty cycle), development 
appears relatively inexpensive. Packaging costs for retro-fit are potentially high

Easier to maintain; costs 50% less to maintain; any errors can be interrogated at 

Voith T211.  ZF Ecolife (next generation 
ZF Ecomat) is 40% more durable and 5% more FE than its predecessor ZF Ecomat

direct impact other than via fuel consumption reduction

51 32 4

Potential FE Benefit 
Intercity: 10%
Local: 13%
Freight: N/A

51 32 4

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4
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There is significant opportunity for improvement in 
efficiency from new mechanical transmissions

ZF Ecomat & Reverser; ZF Ecolife
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There is significant opportunity for improvement in 
efficiency from new mechanical transmissions

Voith DIWA Rail
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A Hydraulic Infinitely Variable Transmission (IVT) can 
directly replace a mechanical transmission to offer 
increased fuel efficiency

Transmission & Driveline Systems – Hydraulic Infinitely Variable Transmission (IVT)

Description
 A hydraulic IVT can be used as a direct replacement for a conventional transmission. 

 The Artemis ‘Digital Displacement’ transmission offers over 
100% load, so large improvements in part load efficiency in particular are possible

Explanation of
Potential FE
Benefit Values

 Intercity & local: FE benefit alone will be up to 20%; FE benefit will be higher if 
adopted with hybridisation (e.g. accumulator and gas backup bottles)

 Freight: Not applicable to freight

Key Limitation to 
Rail Application

 Upfront cost to develop the technology in the application

 Total fuel savings are limited by the size of energy store that can be fitted

Category Comments

Technology 
Maturity

 Artemis transmissions have not been used in a rail application as yet
technology is TRL 6 in other applications (e.g. auto

Capital Cost of 
Technology

 Cost is high compared with other drives, but unknown against conventional 
transmissions and or variator systems

Development Cost  TRL level suggests high development costs to 

Maintenance Cost
 Potentially sealed for life. Actual life unknown, but expected to be better than current 

hydrodynamic transmission system

Reliability and 
Durability

 Potentially very robust, it is a combination of known technologies 
in a better environment than their standard application

Impact on Noxious 
Emissions

 No direct impact other than via fuel consumption reduction 
ensure the engine is used at its most efficient operating points
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A Hydraulic Infinitely Variable Transmission (IVT) can 
directly replace a mechanical transmission to offer 

Hydraulic Infinitely Variable Transmission (IVT)

A hydraulic IVT can be used as a direct replacement for a conventional transmission. 

The Artemis ‘Digital Displacement’ transmission offers over 90% efficiency from 20%-
100% load, so large improvements in part load efficiency in particular are possible

Intercity & local: FE benefit alone will be up to 20%; FE benefit will be higher if 
adopted with hybridisation (e.g. accumulator and gas backup bottles)

Upfront cost to develop the technology in the application

Total fuel savings are limited by the size of energy store that can be fitted

– Rating         +

Artemis transmissions have not been used in a rail application as yet. However, the 
technology is TRL 6 in other applications (e.g. automotive demonstrator)

drives, but unknown against conventional 

TRL level suggests high development costs to commercialise

Potentially sealed for life. Actual life unknown, but expected to be better than current 

Potentially very robust, it is a combination of known technologies – most of which are 
in a better environment than their standard application

direct impact other than via fuel consumption reduction - the IVT nature should 
ensure the engine is used at its most efficient operating points

2 91 5 63 4 7 8

51 32 4

51 2

51 2

Potential FE Benefit 
Intercity: 10-15%
Local:  10-20%
Freight:  N/A

51 32 4

51 32 4

3 4

3 4
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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Introduction – Hybrid Powertrain Systems

 A hybrid system enables energy to be recovered during braking and then released to accelerate 
the vehicle or to power the vehicle’s hotel load while its main engine is turned off

– A typical stop/start architecture simply has the capability to start and stop the engine very 
quickly to reduce idling time

– A mild hybrid architecture typically has the following capabilities: engine stop/start; regenerative 
braking; torque assist; and limited electric only traction mode. Depending on the type/size of 
storage it could maintain power to the vehicle when the engine is off

– A full hybrid architecture has the same features as a mild hybrid, but typically with higher power 
capability and more energy storage, with the possibility of a fully electric traction mode 

 These systems can be used with many different types of energy storage, for example with 
batteries or flywheels

 Hybrid cars and buses have been in production for a number of years and hybrids are in 
development for low volume production for other sectors including heavy duty trucks and marine

– As a consequence, a wide range of components and systems are becoming available

 The fuel consumption benefit from hybridisation is directly dependant on duty cycle

– As a result, passenger trains operating in an urban environment with frequent speed changes 
will see a much more significant saving than an intercity or freight service

– As an example of this, a Ricardo study on a tram
reduction from hybridisation
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Hybrid Powertrain Systems

A hybrid system enables energy to be recovered during braking and then released to accelerate 
the vehicle or to power the vehicle’s hotel load while its main engine is turned off

A typical stop/start architecture simply has the capability to start and stop the engine very 

A mild hybrid architecture typically has the following capabilities: engine stop/start; regenerative 
braking; torque assist; and limited electric only traction mode. Depending on the type/size of 
storage it could maintain power to the vehicle when the engine is off

A full hybrid architecture has the same features as a mild hybrid, but typically with higher power 
capability and more energy storage, with the possibility of a fully electric traction mode 

These systems can be used with many different types of energy storage, for example with 

Hybrid cars and buses have been in production for a number of years and hybrids are in 
development for low volume production for other sectors including heavy duty trucks and marine

As a consequence, a wide range of components and systems are becoming available

The fuel consumption benefit from hybridisation is directly dependant on duty cycle

As a result, passenger trains operating in an urban environment with frequent speed changes 
will see a much more significant saving than an intercity or freight service

As an example of this, a Ricardo study on a tram-train showed a 25% fuel consumption 
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Stop/start systems offer a relatively easy way to recover 
idle fuel losses

Hybrid Powertrain Systems – Stop / Start Battery System

Description
 Engine idle stop-start system to reduce idle fuelling use

 Requires solution for hotel load supply when stationary 

Explanation of
Potential FE
Benefit Values

 Intercity: Average - as less frequent stopping and longer stops will impact hotel loads

 Local: Good - on routes with regular stops of short duration

 Freight: Excellent - due to long periods spend idling and a small hotel load

Key Limitation to 
Rail Application

 Cost effective solution for hotel load issue –
batteries, jumpers and enhanced starter/alternator

Category Comments

Technology 
Maturity

 Technology readily available and applied to rail vehicles

Capital Cost of 
Technology

 Low on-cost for core system but possibly increased energy storage

 Will need engine control update to balance use of stop

Development Cost
 Validation costs for engine durability need to be considered, along with NVH of 

engine; packaging not as challenging as for mild and full hybrids

Maintenance Cost  Should be no more effort than today

Reliability and 
Durability

 Well defined duty cycles should allow for robust test plans 

 This technology is well understood in automotive market & has acceptable durability

Impact on Noxious 
Emissions

 Significant reduction due to engines not left idling
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Stop/start systems offer a relatively easy way to recover 

Stop / Start Battery System

start system to reduce idle fuelling use

solution for hotel load supply when stationary 

as less frequent stopping and longer stops will impact hotel loads

on routes with regular stops of short duration

due to long periods spend idling and a small hotel load

– could be resolved with higher capacity 
batteries, jumpers and enhanced starter/alternator

– Rating         +

readily available and applied to rail vehicles

for core system but possibly increased energy storage

Will need engine control update to balance use of stop-start

Validation costs for engine durability need to be considered, along with NVH of 
engine; packaging not as challenging as for mild and full hybrids

Well defined duty cycles should allow for robust test plans 

understood in automotive market & has acceptable durability

reduction due to engines not left idling

Potential FE Benefit 
Intercity: up to 4%
Local: up to 7%
Freight: up to 41%

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

51 32 4

51 32 4
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Hybrid diesel systems save fuel by capturing braking 
energy, so duty cycles with more decelerations recover 
more energy

Hybrid Powertrain Systems – Mild & Full Hybrid Battery / Flywheel Systems

Description

 Braking energy is recovered and stored 

 Possibility for electrified ancillaries

 Recovered energy is used to boost acceleration and could also cover hotel loads

Explanation of
Potential FE
Benefit Values

 Intercity: Good – but depends on frequency and duration of stops

 Local: Better than intercity duty cycle - more stops so can recover more energy

 Freight: Poor - due to high inertias and relatively constant speeds

Key Limitation to 
Rail Application

 Availability of components with the higher storage capacity required for rail 
come from truck/bus sector where technology is developing fast

Category Comments

Technology 
Maturity

 Truck and bus systems in development and low volume production

Capital Cost of 
Technology

 Energy storage cost highest variable

 Will also require some new level of control integration

Development Cost
 Validation costs for energy storage chosen need

 Most likely to be viable when included on a new train

Maintenance Cost  Energy storage is relatively self-contained, but additional complexity will impact cost

Reliability and 
Durability

 Well defined duty cycles should allow for robust test plans; This technology is well
understood & is being developed for  acceptable durability on trucks and busses

Impact on Noxious 
Emissions

 Some consideration needed to ensure engine/after
maintained but not expected to be significant
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Hybrid diesel systems save fuel by capturing braking 
energy, so duty cycles with more decelerations recover 

Mild & Full Hybrid Battery / Flywheel Systems

energy is used to boost acceleration and could also cover hotel loads

Note: a hybrid system 
will also include 
start/stop, so these 
gains are incremental 
to a stop/start system

but depends on frequency and duration of stops

more stops so can recover more energy

and relatively constant speeds

components with the higher storage capacity required for rail – will 
come from truck/bus sector where technology is developing fast

– Rating         +

systems in development and low volume production

Will also require some new level of control integration

Validation costs for energy storage chosen need to be considered

Most likely to be viable when included on a new train

contained, but additional complexity will impact cost

Well defined duty cycles should allow for robust test plans; This technology is well
understood & is being developed for  acceptable durability on trucks and busses

needed to ensure engine/after-treatment temperatures are 
maintained but not expected to be significant

2 91 53 4 7 86

51 32 4

Potential FE Benefit 
Intercity: up to 10%
Local: up to 15%
Freight: N/A

51 32 4

51 32 4

51 32 4

51 32 4
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What areas of train operation can the energy stored in a 
‘mild’ or ‘full’ hybrid system be released?

 As an example, the kinetic energy of a 50 ton rail vehicle travelling at 85 mph is 36 MJ (10 kWh) 

– Ignoring all frictional losses absorbing this energy in 2 minutes as the vehicle slows to a stop 
requires a 300kW system

– This compares to a peak diesel engine power of 260kW for a Class 158 DMU

 The energy captured and stored (in a battery or a flywheel for example) can be used to:

– Power the hotel load when the engine is off

– Provide electric only traction operation where enough power and energy are available

• For example this may be slow speed operation

– Allow the diesel engine’s operating point to move to a more efficient BSFC region

• This may entail increasing or reducing the load on the diesel engine

– Increase the peak power/torque to potentially provide faster accelerations

– Allow the use of a diesel engine with a lower peak power/torque, with the electric 
machine providing the difference

 This gives a very large number of possibilities based on different stored energies and powers

– In the automotive sector these are known as mild and full hybrids
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What areas of train operation can the energy stored in a 
‘mild’ or ‘full’ hybrid system be released?

As an example, the kinetic energy of a 50 ton rail vehicle travelling at 85 mph is 36 MJ (10 kWh) 

Ignoring all frictional losses absorbing this energy in 2 minutes as the vehicle slows to a stop 

This compares to a peak diesel engine power of 260kW for a Class 158 DMU

The energy captured and stored (in a battery or a flywheel for example) can be used to:

Power the hotel load when the engine is off

Provide electric only traction operation where enough power and energy are available

For example this may be slow speed operation

Allow the diesel engine’s operating point to move to a more efficient BSFC region

This may entail increasing or reducing the load on the diesel engine

Increase the peak power/torque to potentially provide faster accelerations

Allow the use of a diesel engine with a lower peak power/torque, with the electric 

This gives a very large number of possibilities based on different stored energies and powers

In the automotive sector these are known as mild and full hybrids
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For a comparison of energy storage systems, a ‘mild 
hybrid’ solution is proposed

 The higher the powers and energies of the energy storage system are, the larger, heavier and 
more expensive the system will be

 As this report mainly focuses on systems that could be retrofitted, a ‘mild hybrid’ solution was 
selected for this study with a relatively low power and energy (see Table on following slide)

– 3MJ (833Wh) was selected with a power of 60kW

 A new hybrid design would need to look at a wide range of powers and energies as well as the 
different energy storage solutions and possible downsizing of the diesel engine to find the best mix 
for the application

– Based on automotive experience and an initial assessment for rail, Ricardo would expect 
battery-based solution the optimum would be at significantly higher stored energies
perhaps higher powers)

– For other energy storage solutions the values selected may be close to the optimum 
(see Table on following slide)
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For a comparison of energy storage systems, a ‘mild 

The higher the powers and energies of the energy storage system are, the larger, heavier and 

As this report mainly focuses on systems that could be retrofitted, a ‘mild hybrid’ solution was 
selected for this study with a relatively low power and energy (see Table on following slide)

3MJ (833Wh) was selected with a power of 60kW

A new hybrid design would need to look at a wide range of powers and energies as well as the 
different energy storage solutions and possible downsizing of the diesel engine to find the best mix 

Based on automotive experience and an initial assessment for rail, Ricardo would expect for a 
based solution the optimum would be at significantly higher stored energies (and 

For other energy storage solutions the values selected may be close to the optimum 
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A comparison of the key energy storage solutions for a 
GB rail ‘mild hybrid’ DMU are shown below

 The table above compares some key attributes of alternative energy storage systems

 For this example a relatively small ‘mild hybrid’ system able to store 3MJ (833Wh) was selected 
with a power of 60kW

 Absolute cost values are not shown because the technology is developing rapidly and costs are 
highly dependent on production volumes

– In general, costs will only be acceptable for the inherently low volume rail applications if the 
components have first been developed for higher volume applications in other sectors

Storage system Relative 
weight

Weight (kg) Relative Cost

Lead acid battery x 600

NiMH battery 0.25x 150

Lithium ion battery 0.1x 60

Ultracapacitor 0.35x 210

Flywheel 0.03x 18

Hydraulic 
accumulator

0.6x 360
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A comparison of the key energy storage solutions for a 
GB rail ‘mild hybrid’ DMU are shown below

The table above compares some key attributes of alternative energy storage systems

For this example a relatively small ‘mild hybrid’ system able to store 3MJ (833Wh) was selected 

Absolute cost values are not shown because the technology is developing rapidly and costs are 

In general, costs will only be acceptable for the inherently low volume rail applications if the 
components have first been developed for higher volume applications in other sectors

Relative Cost Indicative Life (years @ 100 cycles/day)

y >0.2

3y 4

3y 5.2

16y
Low based on need to store charge for a 

relatively long period 

0.5y
Not proven yet,  but flywheel expected to 

be developed for adequate life 

2y
Depends on operating temperature, 

potentially 5-10 years
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Hybrid FE benefits are proportional to the number of 
speed changes – there is no ‘one size fits all’ solution

 Hybrid technology is being successfully developed and applied to a wide range of automotive 
vehicles

 Hybrid systems applied to a rail vehicle can deliver significant fuel consumption benefits and the 
benefit is directly proportional to the amount of deceleration (ignoring improvements possible by 
moving the diesel engine’s operating point)

 There are a wide range of energy storage solutions and preliminary analysis indicates that a 
flywheel or battery (lithium ion or NiMH) are good solutions for mild and full hybrid rail applications

 Selection of the optimum hybrid system is a complex task and a detailed study would be required 
for each potential application

 Hybridisation is most easily applied to a new rail vehicle although there are some opportunities to 
fit a flywheel system to an existing vehicle
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Hybrid FE benefits are proportional to the number of 
there is no ‘one size fits all’ solution

Hybrid technology is being successfully developed and applied to a wide range of automotive 

Hybrid systems applied to a rail vehicle can deliver significant fuel consumption benefits and the 
benefit is directly proportional to the amount of deceleration (ignoring improvements possible by 

There are a wide range of energy storage solutions and preliminary analysis indicates that a 
flywheel or battery (lithium ion or NiMH) are good solutions for mild and full hybrid rail applications

Selection of the optimum hybrid system is a complex task and a detailed study would be required 

Hybridisation is most easily applied to a new rail vehicle although there are some opportunities to 
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Using flywheels or batteries appear to be the best 
solutions for a mild/full hybrid rail vehicle

 Lead acid batteries are too heavy and have limited life while ultracapacitors are too expensive and 
hydraulic accumulators offer poor cost and weight

 It should be noted that the table only includes data for the energy storage and does not consider 
the rest of the system

 The battery systems clearly require some level of electric drive system; either a full electric drive or 
a supplementary drive system (electric motor) connected to a mechanical drive unit. As a result it 
is likely that a battery hybrid will only be commercially viable on a new vehicle or where the 
complete power equipment  is being replaced

 A flywheel is a more flexible option to fit as it can be mechanically connected using a CVT 
electrically connected using a motor/generator or hydraulically connected using a hydraulic 
pump/motor but offers little solution (without further conversion equipment) for powering the hotel 
loads if the engine is off
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Using flywheels or batteries appear to be the best 
solutions for a mild/full hybrid rail vehicle

Lead acid batteries are too heavy and have limited life while ultracapacitors are too expensive and 
hydraulic accumulators offer poor cost and weight

It should be noted that the table only includes data for the energy storage and does not consider 

The battery systems clearly require some level of electric drive system; either a full electric drive or 
a supplementary drive system (electric motor) connected to a mechanical drive unit. As a result it 
is likely that a battery hybrid will only be commercially viable on a new vehicle or where the 

A flywheel is a more flexible option to fit as it can be mechanically connected using a CVT 
electrically connected using a motor/generator or hydraulically connected using a hydraulic 
pump/motor but offers little solution (without further conversion equipment) for powering the hotel 
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Additional Efficiency Improvements

Other technologies that could be applied to the rail sector
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All technologies should be applied with a holistic systems 
approach to improving efficiency

 In addition to those technologies reviewed these three additional topics should also be considered 
to improve diesel powertrain efficiency:

1. Powertrain system optimisation 

• It is rare that a technology can be upgraded without it having an impact on the efficiency of  
another part of the system; all technologies should be applied with a holistic systems 
approach to improving efficiency

• Examples include making adjustments to cooling systems in conjunction with changes to gas 
exchange and combustion systems, or adjusting the transmission ratios to operate the 
engine at more fuel efficient speeds and loads over a given duty cycle

2. Multiple engine stop/start systems

• Multiple engine stop/start systems can improve efficiency by reducing the number of engines 
that are required to operate to provide a given power demand. These systems can be used 
in passenger DMUs to share ‘hotel loads’ (such as air conditioning) using jumper cables and 
also as isolated systems in locomotives. The systems are already in use in the rail sector 
and similar systems also exist in the marine sector 

3. Auxiliary power units (APU)

• As the large diesel engines (sized for traction) are inefficient at low loads, the use of small 
diesel APUs could improve overall system efficiency if used for ‘hotel loads’ when stationary

• Whilst fuel cell APUs hold promise in the longer term, small diesel gensets are most 
appropriate in the near-term
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All technologies should be applied with a holistic systems 

In addition to those technologies reviewed these three additional topics should also be considered 

It is rare that a technology can be upgraded without it having an impact on the efficiency of  
another part of the system; all technologies should be applied with a holistic systems 

Examples include making adjustments to cooling systems in conjunction with changes to gas 
exchange and combustion systems, or adjusting the transmission ratios to operate the 
engine at more fuel efficient speeds and loads over a given duty cycle

Multiple engine stop/start systems can improve efficiency by reducing the number of engines 
that are required to operate to provide a given power demand. These systems can be used 
in passenger DMUs to share ‘hotel loads’ (such as air conditioning) using jumper cables and 
also as isolated systems in locomotives. The systems are already in use in the rail sector 
and similar systems also exist in the marine sector 

As the large diesel engines (sized for traction) are inefficient at low loads, the use of small 
diesel APUs could improve overall system efficiency if used for ‘hotel loads’ when stationary

Whilst fuel cell APUs hold promise in the longer term, small diesel gensets are most 
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Review of technologies to improve rail sector diesel powertrain efficiency

Other technologies that could be applied to the rail sector
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Many future developments will effect the rail sector, especially those 
to improve air quality and reduce carbon emissions

7. Aftertreatment Systems (Stage IIIB Compliant)

– Option 1: DPF + EGR

– Option 2: DPF + SCR 

– Option 3: DOC + SCR

– Option 4: Twin Vortex Combustion System

8. Biofuels & Alternative Fuels

– Fatty Acid Methyl Esters (FAME)

– Biogas To Liquid (BTL)

– Hydrotreated Vegetable Oil (HVO)

– Compressed natural Gas (CNG) / Biogas

– Hydrogen

9. Fuel Cell Systems

– Fuel Cell Powertrain / APU

 Three further groups that may have a part to play in GB rail in the future are also reviewed
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Many future developments will effect the rail sector, especially those 
to improve air quality and reduce carbon emissions

Three further groups that may have a part to play in GB rail in the future are also reviewed
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems

93© Ricardo plc 2012RD.12/28301.114 March 2012

Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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Diesel Particulate Filter (DPF) and Exhaust Gas Recirculation (EGR) 
will reduce tailpipe emissions with associated cost increase

Aftertreatment  (Stage IIIB Compliant) – Option 1: DPF + EGR

Description

 DPF will control PM emissions via storage and regeneration process

 EGR will control engine out NOx emissions

 EGR more favourable in comparison to SCR for freight applications in GB

Explanation of
Potential FE
Benefit Values

 FE will decrease because of EGR system, increase in backpressure of the catalyst 
bricks and regeneration of the stored PM. This can be offset  by adding more 
expensive technology (e.g. 2-stage EGR cooling and very high pressure fuel system)

Key Limitation to 
Rail Application

 No fuel economy benefit

 Packaging - volume of catalysts required

 EGR retrofit applicability

Category Comments

Technology 
Maturity

 Technology is already in production on many on
engines

Capital Cost of 
Technology

 System will have large cost implication 

 Precious metals in DPF system impact cost

Development Cost
 Packaging complexity, control requirements

 Calibration and control development

Maintenance Cost
 Periodic maintenance of DPF 

 Potential periodic maintenance of EGR valve and cooler

Reliability and 
Durability

 DPF and EGR systems have been proven reliable and durable in other diesel 
applications

Impact on Noxious 
Emissions

 Would deliver a significant reduction in particulate and NOx emissions
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Diesel Particulate Filter (DPF) and Exhaust Gas Recirculation (EGR) 
will reduce tailpipe emissions with associated cost increase

Option 1: DPF + EGR

and regeneration process

in comparison to SCR for freight applications in GB

FE will decrease because of EGR system, increase in backpressure of the catalyst 
bricks and regeneration of the stored PM. This can be offset  by adding more 

stage EGR cooling and very high pressure fuel system)

– Rating         +

Technology is already in production on many on-highway and off-highway diesel 

metals in DPF system impact cost

Packaging complexity, control requirements

Potential periodic maintenance of EGR valve and cooler

DPF and EGR systems have been proven reliable and durable in other diesel 

Would deliver a significant reduction in particulate and NOx emissions

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
See “Explanation of 
Potential FE Benefit 

Values”

51 32 4
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Diesel Particulate Filter (DPF) and Selective Catalytic Reduction 
(SCR) will reduce tailpipe emissions with associated cost increase

Aftertreatment  (Stage IIIB Compliant) – Option 2: DPF + SCR

Description

 DPF will control PM emissions via storage and regeneration process

 SCR will continuously control NOx emissions using ammonia as the reductant

 Ammonia is generated by the hydrolysis of urea

Explanation of
Potential FE
Benefit Values

 Engine can be calibrated to optimise fuel consumption at the expense of increased 
NOx emissions, but there will be a fuel consumption penalty for the backpressure of 
the bricks in the exhaust system and the regeneration of the stored PM

Key Limitation to 
Rail Application

 No fuel economy benefit

 Packaging - volume of catalysts required & o

 Cost of development programme and catalysts themselves

Category Comments

Technology 
Maturity

 Technology is already in production on many on
engines

Capital Cost of 
Technology

 System will have large cost implication 

 Precious metals in DPF system impact cost

Development Cost
 Packaging complexity, control requirements

 Calibration and control development

Maintenance Cost
 Refill of urea requirement

 Periodic maintenance of DPF 

Reliability and 
Durability

 DPF & SCR systems have been proven reliable and durable in other diesel 
applications

Impact on Noxious 
Emissions

 Would deliver a significant reduction in particulate and NOx emissions
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Diesel Particulate Filter (DPF) and Selective Catalytic Reduction 
(SCR) will reduce tailpipe emissions with associated cost increase

Option 2: DPF + SCR

and regeneration process

continuously control NOx emissions using ammonia as the reductant

by the hydrolysis of urea

Engine can be calibrated to optimise fuel consumption at the expense of increased 
NOx emissions, but there will be a fuel consumption penalty for the backpressure of 
the bricks in the exhaust system and the regeneration of the stored PM

required & on-board urea storage requirements 

Cost of development programme and catalysts themselves

– Rating         +

Technology is already in production on many on-highway and off-highway diesel 

metals in DPF system impact cost

Packaging complexity, control requirements

DPF & SCR systems have been proven reliable and durable in other diesel 

Would deliver a significant reduction in particulate and NOx emissions

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

Potential FE Benefit 
See “Explanation of 
Potential FE Benefit 

Values”

51 32 4
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Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction 
(SCR) provide a further option for Stage IIIB

Aftertreatment  (Stage IIIB Compliant) – Option 3: DOC + SCR

Description

 DOC will control HC and CO emissions, limited control on PM

 SCR will continuously control NOx emissions using ammonia as the 

 Ammonia is generated by the hydrolysis of urea

Explanation of
Potential FE
Benefit Values

 Engine can be calibrated to optimise fuel consumption at the expense of increased 
NOx emissions, but must control PM emissions. B
solution unless considerable extra engine technology added

Key Limitation to 
Rail Application

 No fuel economy benefit (but best FE of any Stage IIIB emissions solution)

 Packaging - volume of catalysts required & o

 Cost of development programme and catalysts themselves

Category Comments

Technology 
Maturity

 Technology is already in production on many on
engines

Capital Cost of 
Technology

 System will have large extra cost, but likely to be lowest cost Stage IIIB solution

 Precious metals in DOC plays major role in system cost

Development Cost
 Packaging complexity, control requirements

 Calibration and control development

Maintenance Cost  Refill of urea requirement

Reliability and 
Durability

 DOC and SCR systems have been proven reliable and durable in other diesel 
transport applications

Impact on Noxious 
Emissions

 Would deliver a significant reduction in particulate and NOx emissions
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Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction 
(SCR) provide a further option for Stage IIIB

Option 3: DOC + SCR

and CO emissions, limited control on PM

continuously control NOx emissions using ammonia as the reductant

by the hydrolysis of urea

Engine can be calibrated to optimise fuel consumption at the expense of increased 
NOx emissions, but must control PM emissions. Best FE of any Stage IIIB emissions 
solution unless considerable extra engine technology added

(but best FE of any Stage IIIB emissions solution)

required & on-board urea storage requirements 

Cost of development programme and catalysts themselves

– Rating         +

Technology is already in production on many on-highway and off-highway diesel 

will have large extra cost, but likely to be lowest cost Stage IIIB solution

metals in DOC plays major role in system cost

Packaging complexity, control requirements

DOC and SCR systems have been proven reliable and durable in other diesel 

Would deliver a significant reduction in particulate and NOx emissions

51 32 4

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

Potential FE Benefit 
See “Explanation of 
Potential FE Benefit 

Values”

51 32 4
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The Twin Vortex Combustion System (TVCS) uses the engine to 
control regulated emissions so no aftertreatment is required

Aftertreatment  (Stage IIIB Compliant) – Option 4: Twin Vortex Combustion System

Description
 Ricardo TVCS is a combustion system that with EGR and a DOC allows engines 

<130kW to meet Stage IIIB regulations without aftertreatment

Explanation of
Potential FE
Benefit Values

 For these smaller engines <130kW, TVCS delivers a lower cost and more fuel 
efficient solution (when compared to an engine with DPF). For >130kW, DOC+SCR 
(Option 3) has best fuel consumption 

Key Limitation to 
Rail Application

 A new engine is required. TVCS can only be applied in conjunction with high 
pressure common rail FIE, high AFR turbocharging and advanced EGR system, so a 
significant engine development programme

Category Comments

Technology 
Maturity

 In production for off highway applications (TRL 9), but no rail specific applications

Capital Cost of 
Technology

 A new engine is required so capital cost of technology will be high

Development Cost  A significant engine development and calibration programme

Maintenance Cost  EGR system complexity may increase maintenance cost

Reliability and 
Durability

 Validation required but reliable and durable for off highway engines

Impact on Noxious 
Emissions

 Would deliver a significant reduction in particulate and NOx emissions
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The Twin Vortex Combustion System (TVCS) uses the engine to 
control regulated emissions so no aftertreatment is required

Option 4: Twin Vortex Combustion System

system that with EGR and a DOC allows engines 
<130kW to meet Stage IIIB regulations without aftertreatment

For these smaller engines <130kW, TVCS delivers a lower cost and more fuel 
efficient solution (when compared to an engine with DPF). For >130kW, DOC+SCR 

an only be applied in conjunction with high 
pressure common rail FIE, high AFR turbocharging and advanced EGR system, so a 

is required

– Rating         +

production for off highway applications (TRL 9), but no rail specific applications

cost of technology will be high

A significant engine development and calibration programme is required

EGR system complexity may increase maintenance cost

required but reliable and durable for off highway engines

Would deliver a significant reduction in particulate and NOx emissions

51 32 4

51 32 4

51 32 4

21 5 63 4 7 8 9

51 32 4

51 32 4

Potential FE Benefit 
See “Explanation of 
Potential FE Benefit 

Values”
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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Use of FAME will show a fuel consumption penalty because of 
reduced energy density. It will be used in GB rail basestock fuel 
from 1st January 2012

Biofuels & Alternative Fuels – Fatty Acid Methyl Esters (FAME)

Description
 FAME will be employed as a straight replacement for a proportion of mineral diesel

 Reduced energy density of the fuel leads to increased fuel consumption, but it may 
be possible to recalibrate electronic FIE engines to reduce the penalty

Explanation of
Potential FE
Benefit Values

 Fuel consumption penalty is probably unavoidable in older engines

Key Limitation to 
Rail Application

 No limitations for introduction as biofuel replaces conventional diesel up to 7%

 Possibility of more frequent fuel fills (1 – 2% reduced energy in 7% mix)

Category Comments

Technology 
Maturity

 FAME is a first generation biofuel widely used in on

 It will be used in GB rail basestock fuel from 1

Capital Cost of 
Technology

 Minimal additional cost to implement, but small increase
housekeeping (e.g. additives, temperature control, shelf life)

Development Cost
 No development cost to implement; moderate cost if engine recalibrated to 

fuel penalty and if component tolerance to deposit formation is increased

Maintenance Cost
 Possible increased maintenance costs associated with deposit formation with EGR 

systems

Reliability and 
Durability

 No significant impacts on reliability and durability expected if deposit
addressed

Impact on Noxious 
Emissions

 No negative impacts
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Use of FAME will show a fuel consumption penalty because of 
reduced energy density. It will be used in GB rail basestock fuel 

Fatty Acid Methyl Esters (FAME)

replacement for a proportion of mineral diesel

energy density of the fuel leads to increased fuel consumption, but it may 
be possible to recalibrate electronic FIE engines to reduce the penalty

Fuel consumption penalty is probably unavoidable in older engines

as biofuel replaces conventional diesel up to 7%

2% reduced energy in 7% mix)

– Rating         +

FAME is a first generation biofuel widely used in on-road applications up to 7%

fuel from 1st January 2012

Minimal additional cost to implement, but small increase in costs associated with fuel 
housekeeping (e.g. additives, temperature control, shelf life)

moderate cost if engine recalibrated to minimise
fuel penalty and if component tolerance to deposit formation is increased

Possible increased maintenance costs associated with deposit formation with EGR 

No significant impacts on reliability and durability expected if deposit issues 

21 5 63 4 7 8 9

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Lower energy density 

may increase fuel 
consumption
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The use of BTL fuel may increase the quality of the baseline mineral 
diesel unless poorer mineral basestocks are employed

Biofuels & Alternative Fuels – Biogas To Liquid (BTL)

Description
 BTL can be employed as a straight replacement for a proportion of mineral diesel

 As a synthetic fuel, its properties will be selectable and its use may enable generally 
higher quality diesel, though it may only enable lower quality diesel 

Explanation of
Potential FE
Benefit Values

 Higher quality diesel fuel will burn cleaner and result in more complete combustion, 
leading to improved brake specific fuel consumption and better performance in a 
suitably calibrated engine, but fuel penalty anticipated

Key Limitation to 
Rail Application

 Limited availability, more likely to be used in premium automotive fuels

 No limitations for introduction as BTL replaces conventional diesel

 Low physical density of the fuel may impact range (per tank) and peak power

Category Comments

Technology 
Maturity

 BTL  is a second generation biofuel and the production process
development. Can currently be considered a niche fuel only

Capital Cost of 
Technology

 No additional cost to implement

Development Cost  Limited development cost to implement: optimisation

Maintenance Cost  No anticipated maintenance impacts

Reliability and 
Durability

 No significant impacts on reliability and durability expected

Impact on Noxious 
Emissions

 Reductions in most emissions expected
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The use of BTL fuel may increase the quality of the baseline mineral 
diesel unless poorer mineral basestocks are employed

replacement for a proportion of mineral diesel

a synthetic fuel, its properties will be selectable and its use may enable generally 
higher quality diesel, though it may only enable lower quality diesel blendstocks

Higher quality diesel fuel will burn cleaner and result in more complete combustion, 
leading to improved brake specific fuel consumption and better performance in a 
suitably calibrated engine, but fuel penalty anticipated

availability, more likely to be used in premium automotive fuels

as BTL replaces conventional diesel

Low physical density of the fuel may impact range (per tank) and peak power

– Rating         +

and the production process is still under 
development. Can currently be considered a niche fuel only

optimisation of engine calibration

No significant impacts on reliability and durability expected

2 91 5 64 7 83

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Fuel consumption is 

likely to increase
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The use of Hydrotreated Vegetable Oil (HVO) may increase the 
quality of the baseline mineral diesel unless poorer mineral 
basestocks are employed

Biofuels & Alternative Fuels – Hydrotreated Vegetable Oil

Description
 HVO will be employed as a straight replacement for a proportion of mineral diesel

 Its properties will be selectable and its use may enable generally higher quality 
diesel, though it may only enable lower quality diesel 

Explanation of
Potential FE
Benefit Values

 Higher quality diesel fuel will burn cleaner and result in more complete combustion, 
leading to improved brake specific fuel consumption /improved better performance in 
a suitably calibrated engine, but fuel penalty anticipated

Key Limitation to 
Rail Application

 Fairly limited availability, more likely to be used in premium automotive fuels

 No limitations for introduction as HVO replaces conventional diesel

 Low physical density of the fuel may impact range (per tank) and peak power

Category Comments

Technology 
Maturity

 HVO is an advanced first generation biofuel with properties similar
synthetic BTL type. Commercial production is more advanced than BTL

Capital Cost of 
Technology

 No additional cost to implement

Development Cost  Limited development cost to implement: optimisation

Maintenance Cost  No anticipated maintenance impacts

Reliability and 
Durability

 No significant impacts on reliability and durability expected

Impact on Noxious 
Emissions

 Reductions in most emissions expected
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The use of Hydrotreated Vegetable Oil (HVO) may increase the 
quality of the baseline mineral diesel unless poorer mineral 

Vegetable Oil (HVO)

replacement for a proportion of mineral diesel

Its properties will be selectable and its use may enable generally higher quality 
diesel, though it may only enable lower quality diesel blendstocks

Higher quality diesel fuel will burn cleaner and result in more complete combustion, 
leading to improved brake specific fuel consumption /improved better performance in 
a suitably calibrated engine, but fuel penalty anticipated

availability, more likely to be used in premium automotive fuels

as HVO replaces conventional diesel

Low physical density of the fuel may impact range (per tank) and peak power

– Rating         +

generation biofuel with properties similar to that of a fully 
synthetic BTL type. Commercial production is more advanced than BTL

optimisation of engine calibration

No significant impacts on reliability and durability expected

2 91 64 7 83 5

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Fuel consumption is 

likely to increase
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The use of CNG / Biogas will require significant infrastructure, 
engine and safety changes

Biofuels & Alternative Fuels – Compressed Natural Gas (CNG) / Biogas

Description

 CNG and Biogas are gaseous fuels comprised mainly of methane

 Originate from different sources but chemically identical

 Methane has low energy density compared to diesel

Explanation of
Potential FE
Benefit Values

 Fuel penalty anticipated

Key Limitation to 
Rail Application

 Engines will need to be replaced or modified. Switch to methane fuel will require a 
changed fuelling infrastructure both on and off vehicle. Increased fuelling frequency 
required. Revised safety protocols will be required for gaseous fuel use

Category Comments

Technology 
Maturity

 CNG has wide application in buses in both stoichiometric
considered a relatively mature on-road technology, but no application in rail

Capital Cost of 
Technology

 Significant cost anticipated for both engine and emissions control systems

Development Cost
 Engine development costs may be substantial. Emissions control technology 

development costs also expected to be high. Recalibration required. Infrastructure

Maintenance Cost  Slightly higher maintenance cost than diesel

Reliability and 
Durability

 Reliability may be reduced if replacement/modified engine technology is not robust. 

 Durability of engine may be reduced if higher engine loads are employed

Impact on Noxious 
Emissions

 Probable reductions in NOx and PM. Increases
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The use of CNG / Biogas will require significant infrastructure, 

Compressed Natural Gas (CNG) / Biogas

aseous fuels comprised mainly of methane

but chemically identical

Methane has low energy density compared to diesel

Engines will need to be replaced or modified. Switch to methane fuel will require a 
changed fuelling infrastructure both on and off vehicle. Increased fuelling frequency 
required. Revised safety protocols will be required for gaseous fuel use

– Rating         +

stoichiometric and lean modes, so can be 
road technology, but no application in rail

Significant cost anticipated for both engine and emissions control systems

development costs may be substantial. Emissions control technology 
development costs also expected to be high. Recalibration required. Infrastructure

Slightly higher maintenance cost than diesel

may be reduced if replacement/modified engine technology is not robust. 

Durability of engine may be reduced if higher engine loads are employed

and PM. Increases in methane emissions (GHG)

2 91 64 7 83 5

51 32 4

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Fuel consumption is 

likely to increase
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The use of hydrogen in fuel cells will pose many challenges for 
infrastructure, engines and safety in rail applications

Biofuels & Alternative Fuels – Hydrogen

Description
 Hydrogen is a gaseous fuel with low energy density that combusts to form

only CO2 emissions observed are derived from consumption of lubricant

Explanation of
Potential FE
Benefit Values

 Fuel efficiency low compared to diesel due to low energy density, but large CO2 
reductions

Key Limitation to 
Rail Application

 Engines will need to be replaced or modified. Switch to H2 will require a changed 
fuelling infrastructure both on and off vehicle. Increased fuelling frequency required. 
Revised safety protocols will be required for gaseous fuel use

Category Comments

Technology 
Maturity

 Hydrogen is immature as an on-road fuel and should be considered highly immature 
for the rail sector

Capital Cost of 
Technology

 Significant cost anticipated for both engine and emissions control systems

Development Cost
 Engine development costs may be substantial. Emissions control technology 

development may be required for NOx. Recalibration required. Infrastructure

Maintenance Cost  Hydrogen storage and fuel cell system will required an increased in maintenance

Reliability and 
Durability

 Reliability may be reduced if replacement engine /modified engine technology is not 
robust. Durability of engine may be reduced if higher peak cylinder pressures /engine 
speeds /temperatures employed

Impact on Noxious 
Emissions

 Probable reductions in NOx and PM
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The use of hydrogen in fuel cells will pose many challenges for 
infrastructure, engines and safety in rail applications

Hydrogen is a gaseous fuel with low energy density that combusts to form water. The 
only CO2 emissions observed are derived from consumption of lubricant

Fuel efficiency low compared to diesel due to low energy density, but large CO2 

Engines will need to be replaced or modified. Switch to H2 will require a changed 
fuelling infrastructure both on and off vehicle. Increased fuelling frequency required. 
Revised safety protocols will be required for gaseous fuel use

– Rating         +

road fuel and should be considered highly immature 

Significant cost anticipated for both engine and emissions control systems

development costs may be substantial. Emissions control technology 
development may be required for NOx. Recalibration required. Infrastructure

Hydrogen storage and fuel cell system will required an increased in maintenance

may be reduced if replacement engine /modified engine technology is not 
robust. Durability of engine may be reduced if higher peak cylinder pressures /engine 

51 32 4

51 32 4

51 32 4

51 32 4

2 91 5 63 4 7 8

Potential FE Benefit 
Potential for no 

diesel to be used

51 32 4
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 Technologies to improve rail sector diesel powertrain efficiency

1. Engine Enhancements

2. Engine Parasitic Loss Reduction

3. Waste Heat Recovery

4. Transmission & Driveline Systems

5. Hybrid Powertrain Systems & Energy Storage

6. Additional Efficiency Improvements

 Other technologies that could be applied to the rail sector

7. Aftertreatment Systems

8. Biofuels & Alternative Fuels

9. Fuel Cell Systems
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Technologies to improve rail sector diesel powertrain efficiency

Hybrid Powertrain Systems & Energy Storage

Other technologies that could be applied to the rail sector
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A fuel cell system converts hydrogen & oxygen into electricity

 A fuel cell is an electrochemical device for converting a fuel (typically 
hydrogen) and oxygen (from the air) into electricity

– If the fuel is hydrogen, the only by-product is water

 Similar to a battery, a fuel cell consists of a negative anode, a positive 
cathode and an electrolyte

 There are several different types of fuel cell that tend to be classified by 
the electrolyte technology such as Proton Exchange Membrane Fuel Cells 
(PEMFC), Solid Oxide Fuel Cells (SOFC), Alkaline Fuel Cells (AFC) and 
Direct Methanol Fuel Cells (DMFC)

– For rail applications, it is likely that PEMFC or SOFC fuel cells would be 
used

 To date, four prototype projects have used fuel cells systems in rail 
applications:

– Mining locomotive, Canada (2002)

– Single railcar, Japan (2006-07)

– Two railcar train, Japan (2006-09)

– Switcher locomotive, USA (2009)

Sources: www.hydrail.org; www.vehicleprojects.com; www.fuelcellpropulsion.org;  
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A fuel cell system converts hydrogen & oxygen into electricity

A fuel cell is an electrochemical device for converting a fuel (typically 
hydrogen) and oxygen (from the air) into electricity

product is water

Similar to a battery, a fuel cell consists of a negative anode, a positive 

There are several different types of fuel cell that tend to be classified by 
the electrolyte technology such as Proton Exchange Membrane Fuel Cells 
(PEMFC), Solid Oxide Fuel Cells (SOFC), Alkaline Fuel Cells (AFC) and 

For rail applications, it is likely that PEMFC or SOFC fuel cells would be 

To date, four prototype projects have used fuel cells systems in rail 

http://www.fuelcellpropulsion.org/
http://www.vehicleprojects.com/
http://www.hydrail.org/
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Applications which use a fuel cell system for the prime mover tend 
to be hybrid systems 

 Typical components include the hydrogen storage tank, 
fuel cell system, power electronics, battery pack and 
electric motor

Sources: Ricardo, http://www.jreast.co.jp/e/press/20060401/; 

Hydrogen 
Tank

Fuel Cell 
System

DC-DC 
Converter

Battery  Pack

Usually 
compressed gas 

cylinders

One or more fuel cell 
systems may be used 
to achieve the power 

rating

Alternatively, an on-board fuel reformer could 
be used to generate hydrogen from a liquid or 

gaseous fuel
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Applications which use a fuel cell system for the prime mover tend 

Typical components include the hydrogen storage tank, 
fuel cell system, power electronics, battery pack and 

DC-AC 
Inverter

Electric 
Motor

Gear Wheel

Battery  Pack

board fuel reformer could 
be used to generate hydrogen from a liquid or 

gaseous fuel

http://www.jreast.co.jp/e/press/20060401/
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A fuel cell system could be used to provide electrical energy for the 
vehicle prime mover or provide auxiliary power

Fuel Cell Systems – Fuel Cell Powertrain / Auxiliary Power Unit (APU)

Description
 A PEMFC or SOFC could be used to provide electrical

mover (or a smaller unit could be used to provide auxiliary
hydrogen, although an on-board reformer could be used to convert diesel

Explanation of
Potential FE
Benefit Values

 No diesel burned if replacing diesel with hydrogen

 Reforming diesel into hydrogen (this requires an on

Key Limitation to 
Rail Application

 Cost and lack of maturity. Not a mature production
several demonstration projects globally

Category Comments

Technology 
Maturity

 TRL6 – at least 4 prototype fuel cell powered trains 

 TRL1 – fuel cell APU demonstrated in automotive HD

Capital Cost of 
Technology

 Capital cost is significantly higher than an internal combustion technology. Fuel cell 
stack and hydrogen storage tank are the main contributors

Development Cost  No data available on cost of development projects, but will be very expensive

Maintenance Cost
 Assuming a good development programme has occurred, maintenance costs are 

likely to be equivalent to current powertrain systems

Reliability and 
Durability

 Technology not mature enough yet to supply data on reliability and durability 

Impact on Noxious 
Emissions

 Potential for zero NOx, HC and PM emissions at point

 Potential to reduce emissions by not running diesel engine to supply auxiliary power
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A fuel cell system could be used to provide electrical energy for the 
vehicle prime mover or provide auxiliary power

Fuel Cell Powertrain / Auxiliary Power Unit (APU)

could be used to provide electrical energy for the vehicle prime 
a smaller unit could be used to provide auxiliary power). Fuel source is 

board reformer could be used to convert diesel

No diesel burned if replacing diesel with hydrogen

Reforming diesel into hydrogen (this requires an on-board fuel reformer)

Not a mature production technology, but there have been

– Rating         +

fuel cell powered trains demonstrated globally

fuel cell APU demonstrated in automotive HD, but so far no rail applications

higher than an internal combustion technology. Fuel cell 
stack and hydrogen storage tank are the main contributors

No data available on cost of development projects, but will be very expensive

Assuming a good development programme has occurred, maintenance costs are 
likely to be equivalent to current powertrain systems

Technology not mature enough yet to supply data on reliability and durability 

emissions at point of use

to reduce emissions by not running diesel engine to supply auxiliary power

2 91 53 4 7 86

51 32 4

51 32 4

51 32 4

51 32 4

Potential FE Benefit 
Potential for no 

diesel to be used

51 32 4
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Summary of ‘Technical Developments’
(1) Classification of GB rail diesel rolling stock

 Classification of the GB rail diesel rolling stock has been performed in order to identify suitable 
baseline powertrain systems and rail vehicles for comparison of the reviewed technologies

– The majority of the GB rail diesel rolling stock is pre

• Some locomotives over 50 years old are still in use, but the majority were built in the late 
1990s; The oldest DMUs were built in the late 1980s and these form approximately 50% of 
GB rail’s DMU rolling stock

 Analysis of the classification of the rolling stock suggests that at fleet level, the greatest 
improvements in fuel efficiency can be realised by focussing on the powertrain systems of two 
distinct parts of the GB rail fleet – passenger DMUs (Diesel Multiple Units) and freight locomotives.

– The passenger DMU fleet was classified into three groups based on the engine type. The 
oldest engines in ‘Engine Group 1’ will be focussed upon in detail in this study:

• Engine Group 1 contributes to 57% of the total DMU mileage (55% by quantity)

– The fleet of GB rail’s Class 66 locomotives are used as the baseline for freight locomotives

• Class 66 locomotives are heavily utilised and contribute to 87% of the annual mileage but 
they are only 48% of the fleet by quantity

 The technology packages that will be proposed later will address 50% of GB rail diesel rolling 
stock by vehicle quantity, but this equates to 57% of passenger DMU mileage and 87% of freight 
locomotive mileage
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(1) Classification of GB rail diesel rolling stock

Classification of the GB rail diesel rolling stock has been performed in order to identify suitable 
baseline powertrain systems and rail vehicles for comparison of the reviewed technologies

The majority of the GB rail diesel rolling stock is pre-Stage IIIA emissions level

Some locomotives over 50 years old are still in use, but the majority were built in the late 
1990s; The oldest DMUs were built in the late 1980s and these form approximately 50% of 

Analysis of the classification of the rolling stock suggests that at fleet level, the greatest 
improvements in fuel efficiency can be realised by focussing on the powertrain systems of two 

passenger DMUs (Diesel Multiple Units) and freight locomotives.

The passenger DMU fleet was classified into three groups based on the engine type. The 
oldest engines in ‘Engine Group 1’ will be focussed upon in detail in this study:

Engine Group 1 contributes to 57% of the total DMU mileage (55% by quantity)

The fleet of GB rail’s Class 66 locomotives are used as the baseline for freight locomotives

Class 66 locomotives are heavily utilised and contribute to 87% of the annual mileage but 

The technology packages that will be proposed later will address 50% of GB rail diesel rolling 
stock by vehicle quantity, but this equates to 57% of passenger DMU mileage and 87% of freight 
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Summary of ‘Technical Developments’
(2) Duty Cycles

 Two duty cycles are developed to compare technologies on passenger DMUs and one duty cycle 
is identified to compare technologies for freight locomotives:

– Intercity duty cycle for passenger DMUs

• 61% of the diesel usage is allocated to rated speed

• 36% of the diesel usage is allocated to the intermediate engine speed & load key point

• Only 4% of the diesel usage is allocated to idle

– Local duty cycle for passenger DMUs

• 78% of the diesel usage is allocated to rated speed

• 15% of the diesel usage is allocated to the intermediate engine speed & load key point

• Only 7% of the diesel usage is allocated to idle

– Freight duty cycle for freight locomotives

• 39% of the diesel usage is allocated to rated speed

• 20% of the diesel usage is allocated to the mid engine speed & load key

• 41% of the diesel usage is allocated to idle
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Two duty cycles are developed to compare technologies on passenger DMUs and one duty cycle 
is identified to compare technologies for freight locomotives:

61% of the diesel usage is allocated to rated speed

36% of the diesel usage is allocated to the intermediate engine speed & load key point

Only 4% of the diesel usage is allocated to idle

78% of the diesel usage is allocated to rated speed

15% of the diesel usage is allocated to the intermediate engine speed & load key point

Only 7% of the diesel usage is allocated to idle

39% of the diesel usage is allocated to rated speed

20% of the diesel usage is allocated to the mid engine speed & load key

41% of the diesel usage is allocated to idle
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Summary of ‘Technical Developments’
(3) Passenger DMU powertrain efficiency comparison

 The BSFC of the baseline DMU engine at each of the three key points from the Class 158 is worse 
than most of the known BSFC values for comparable engines from non
reviewed

 If it was possible to use the best non-rail sector engine that was reviewed:

– An improvement of up to 7% in fuel efficiency at rated power could be obtained

– An improvement of up to 7% in fuel efficiency at peak torque could be obtained

– An improvement of up to 39% in fuel efficiency at idle could be obtained

 The comparison of the baseline DMU engine (Class 158 with Cummins NTA855R1 engine) 
against the engines identified from other market sectors showed that all the non
are turbocharged and aftercooled and some of the engines use exhaust gas recirculation (EGR) 
systems

 All the modern engines identified from other sectors use either Selective Catalytic Reduction 
(SCR) or Diesel Particulate Filter (DPF) aftertreatment systems to meet the current emissions 
regulations except for the Scania DC13 which meets these emissions standards without these 
aftertreatment systems, but with high levels of EGR instead
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(3) Passenger DMU powertrain efficiency comparison

The BSFC of the baseline DMU engine at each of the three key points from the Class 158 is worse 
than most of the known BSFC values for comparable engines from non-rail sectors that are 

rail sector engine that was reviewed:

An improvement of up to 7% in fuel efficiency at rated power could be obtained

An improvement of up to 7% in fuel efficiency at peak torque could be obtained

An improvement of up to 39% in fuel efficiency at idle could be obtained

The comparison of the baseline DMU engine (Class 158 with Cummins NTA855R1 engine) 
against the engines identified from other market sectors showed that all the non-rail sector engines 

and some of the engines use exhaust gas recirculation (EGR) 

All the modern engines identified from other sectors use either Selective Catalytic Reduction 
(SCR) or Diesel Particulate Filter (DPF) aftertreatment systems to meet the current emissions 

DC13 which meets these emissions standards without these 
aftertreatment systems, but with high levels of EGR instead
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Summary of ‘Technical Developments’
(4) Freight locomotive powertrain efficiency comparison

 The ‘rated speed’ and ‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 engine 
are comparable with the known BSFC values for the engines with similar peak power from non
sectors that are reviewed:

– No significant improvement in fuel efficiency is possible at high loads if using the non
engines reviewed, although noxious emissions would be greatly reduced

 The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
values for comparable engines from non-rail sectors that are reviewed:

– An improvement of up to 20% in fuel efficiency at idle could be obtained if it was possible to use 
the best comparable non-rail sector engine reviewed

 A comparison of the Class 66 GM EMD 710 baseline rail engine against the engines identified 
from other market sectors showed that all the non
aftercooled. Apart from the MTU 4000 engine which had EGR and DPF, the versions of the other 
engines reviewed do not have EGR or aftertreatment systems. External EGR has not been 
generally adopted in the past for these large engines as it is not as straight forward as in smaller 
engines requiring long route EGR unless a pump or 2
EGR is beginning to be introduced as a way of meeting tightening emissions limits

 DPF systems are generally not used on anything other than some mine haul trucks or engines 
used in tunnels at the moment and SCR is normally used in land based power stations needing to 
meet low NOx limits. Both EGR and SCR are under consideration for future marine engines that 
are required to meet IMO T3 standards
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(4) Freight locomotive powertrain efficiency comparison

The ‘rated speed’ and ‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 engine 
are comparable with the known BSFC values for the engines with similar peak power from non-rail 

No significant improvement in fuel efficiency is possible at high loads if using the non-rail sector 
engines reviewed, although noxious emissions would be greatly reduced

The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
rail sectors that are reviewed:

An improvement of up to 20% in fuel efficiency at idle could be obtained if it was possible to use 
rail sector engine reviewed

A comparison of the Class 66 GM EMD 710 baseline rail engine against the engines identified 
from other market sectors showed that all the non-rail sector engines are turbocharged and 

. Apart from the MTU 4000 engine which had EGR and DPF, the versions of the other 
engines reviewed do not have EGR or aftertreatment systems. External EGR has not been 
generally adopted in the past for these large engines as it is not as straight forward as in smaller 
engines requiring long route EGR unless a pump or 2-stage turbocharging is employed. However, 
EGR is beginning to be introduced as a way of meeting tightening emissions limits

DPF systems are generally not used on anything other than some mine haul trucks or engines 
used in tunnels at the moment and SCR is normally used in land based power stations needing to 
meet low NOx limits. Both EGR and SCR are under consideration for future marine engines that 
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Summary of ‘Technical Developments’
(5a) Review of technologies to improve rail sector diesel 
powertrain efficiency

 In this study, it is assumed that any improvements to fuel consumption will make the emissions no 
worse. A review of six different types of technology transfer opportunities to improve rail sector 
diesel powertrain efficiency is provided:

1. Engine enhancements

– Improvements to engine gas exchange systems will improve efficiency by minimising engine 
breathing losses

– Improvements to combustion system design and the use of advanced fuel injection equipment 
(FIE) can improve fuel efficiency, without any detrimental effect to NOx emissions

– Engine friction reduction can improve efficiency through the use of detail design features, 
surface coatings and lubricant specification

– Adding friction modifiers to fuel can improve efficiency by reducing engine friction after they 
enter the lubricant

2. Engine parasitic loss reduction

– Use of a variable displacement oil pump and/or switchable piston cooling oil jets will reduce 
parasitic losses

– Use of an electrical or variable flow coolant pump on the engine will reduce parasitic losses

– Improvements to efficiency can be made by only charging systems when required 
electric drives can maximise operation in overrun conditions (coasting/braking)
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(5a) Review of technologies to improve rail sector diesel 

In this study, it is assumed that any improvements to fuel consumption will make the emissions no 
worse. A review of six different types of technology transfer opportunities to improve rail sector 

Improvements to engine gas exchange systems will improve efficiency by minimising engine 

Improvements to combustion system design and the use of advanced fuel injection equipment 
(FIE) can improve fuel efficiency, without any detrimental effect to NOx emissions

Engine friction reduction can improve efficiency through the use of detail design features, 

Adding friction modifiers to fuel can improve efficiency by reducing engine friction after they 

Use of a variable displacement oil pump and/or switchable piston cooling oil jets will reduce 

Use of an electrical or variable flow coolant pump on the engine will reduce parasitic losses

Improvements to efficiency can be made by only charging systems when required – clutched or 
electric drives can maximise operation in overrun conditions (coasting/braking)
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Summary of ‘Technical Developments’
(5b) Review of technologies to improve rail sector diesel 
powertrain efficiency

2. Engine parasitic loss reduction (continued)

– Efficiency can be improved through the use of switchable fan drives (hydrostatic or electric) to 
reduce cooling pack power consumption

– Heat exchanger design and arrangement can improve efficiency by reducing cooling pack size, 
weight and fan power requirements

– Cooling pack air flow management can improve efficiency by reducing fan power requirement

3. Waste heat recovery systems

– A mechanical turbocompound system recovers waste heat from the hot exhaust gas via a 
power turbine downstream of the turbocharger turbine to feed power to the crankshaft

– An electrical turbocompound system recovers waste heat from the hot exhaust gas via a power 
turbine downstream of the turbocharger turbine to generate electrical power

– A thermoelectric generator system recovers waste heat from the hot exhaust gas 
exchangers in which thermoelectric materials 
electrical energy

– A Rankine cycle system recovers waste heat from the hot exhaust gas (and/or coolant heat 
from heat exchanger) to drive an additional power turbine/expander to generate energy

– A Stirling engine system recovers waste heat from hot exhaust gas (and/or coolant heat from 
heat exchanger) to drive a Stirling engine
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(5b) Review of technologies to improve rail sector diesel 

Efficiency can be improved through the use of switchable fan drives (hydrostatic or electric) to 

Heat exchanger design and arrangement can improve efficiency by reducing cooling pack size, 

Cooling pack air flow management can improve efficiency by reducing fan power requirement

A mechanical turbocompound system recovers waste heat from the hot exhaust gas via a 
power turbine downstream of the turbocharger turbine to feed power to the crankshaft

An electrical turbocompound system recovers waste heat from the hot exhaust gas via a power 
turbine downstream of the turbocharger turbine to generate electrical power

A thermoelectric generator system recovers waste heat from the hot exhaust gas with heat 
exchangers in which thermoelectric materials convert temperature differentials directly into 

A Rankine cycle system recovers waste heat from the hot exhaust gas (and/or coolant heat 
from heat exchanger) to drive an additional power turbine/expander to generate energy

A Stirling engine system recovers waste heat from hot exhaust gas (and/or coolant heat from 
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Summary of ‘Technical Developments’
(5c) Review of technologies to improve rail sector diesel 
powertrain efficiency

3. Waste heat recovery systems (continued)

– A ‘Heat to Cool’ system recovers waste heat from hot exhaust gas (and/or coolant heat) with 
heat exchangers to refrigerate the cabin

– A Chemical Fuel Reform system recovers waste heat from the hot exhaust gas to generate 
synthetic gas for fuel enrichment

– A Thermal Phase Change system stores waste heat from the hot exhaust gas or cooling circuit 
or cold fluid from the air conditioning circuit and releases it when needed

4. Transmission & driveline systems 

– New mechanical transmissions offer large efficiency benefits over the Voith T211 transmission 
in passenger DMUs

– A Hydraulic Infinitely Variable Transmission (IVT) can directly replace a mechanical 
transmission to offer increased fuel efficiency

5. Hybrid powertrain systems & energy storage

– Stop/start systems offers a relatively easy way to recover idle fuel losses

– Hybrid diesel systems save fuel by capturing braking energy 
recover more energy

– FE benefits are proportional to the number of stops and starts 
hybrid solution
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(5c) Review of technologies to improve rail sector diesel 

A ‘Heat to Cool’ system recovers waste heat from hot exhaust gas (and/or coolant heat) with 

A Chemical Fuel Reform system recovers waste heat from the hot exhaust gas to generate 

A Thermal Phase Change system stores waste heat from the hot exhaust gas or cooling circuit 
or cold fluid from the air conditioning circuit and releases it when needed

New mechanical transmissions offer large efficiency benefits over the Voith T211 transmission 

A Hydraulic Infinitely Variable Transmission (IVT) can directly replace a mechanical 
transmission to offer increased fuel efficiency

Hybrid powertrain systems & energy storage

Stop/start systems offers a relatively easy way to recover idle fuel losses

Hybrid diesel systems save fuel by capturing braking energy – duty cycles with more stops 

FE benefits are proportional to the number of stops and starts – there is no ‘one size fits all’ 
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Summary of ‘Technical Developments’
(5d) Review of technologies to improve rail sector diesel 
powertrain efficiency

5. Hybrid powertrain systems & energy storage (continued)

– FE benefits are proportional to the number of stops and starts 
hybrid solution

– Hybrid technology is being successfully developed and applied to a wide range of automotive 
vehicles

– Hybridisation is most easily applied to a new rail vehicle although there are some opportunities 
to fit a flywheel system to an existing vehicle

– Selection of the optimum hybrid system is a complex task and a detailed study would be 
required for each potential application

– There are a wide range of energy storage solutions and preliminary analysis indicates that a 
flywheel or battery are good solutions for mild and full hybrid rail applications

– The battery systems clearly require some level of electric drive system 
or supplementary drive system (electric motor) connected to a mechanical drive unit. As a 
result it is likely that a battery hybrid will only be commercially viable on a new vehicle or where 
the complete power equipment  is being replaced

– A flywheel is a more flexible option to fit as it can be mechanically connected using a CVT 
electrically connected using a motor/generator or hydraulically connected using a hydraulic 
pump/motor
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(5d) Review of technologies to improve rail sector diesel 

Hybrid powertrain systems & energy storage (continued)

FE benefits are proportional to the number of stops and starts – there is no ‘one size fits all’ 

Hybrid technology is being successfully developed and applied to a wide range of automotive 

Hybridisation is most easily applied to a new rail vehicle although there are some opportunities 

Selection of the optimum hybrid system is a complex task and a detailed study would be 

There are a wide range of energy storage solutions and preliminary analysis indicates that a 
flywheel or battery are good solutions for mild and full hybrid rail applications

The battery systems clearly require some level of electric drive system – either full electric drive 
or supplementary drive system (electric motor) connected to a mechanical drive unit. As a 
result it is likely that a battery hybrid will only be commercially viable on a new vehicle or where 
the complete power equipment  is being replaced

A flywheel is a more flexible option to fit as it can be mechanically connected using a CVT 
electrically connected using a motor/generator or hydraulically connected using a hydraulic 
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Summary of ‘Technical Developments’
(5e) Review of technologies to improve rail sector diesel 
powertrain efficiency

6. Additional considerations to improve efficiency

– Powertrain system optimisation 

• It is rare that a technology can be upgraded without it having an impact on the efficiency of 
another part of the system. All technologies should be applied with a holistic systems 
approach to improving efficiency

– Multiple engine stop/start systems

• Multiple engine stop/start systems can improve efficiency by reducing the number of engines 
that are required to operate to provide a given power demand. 

– Auxiliary power units (APU) 

• As the large diesel engines (sized for traction) are inefficient at low loads, the use of small 
diesel APUs could improve overall system efficiency if used for ‘hotel loads’ when stationary
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(5e) Review of technologies to improve rail sector diesel 

Additional considerations to improve efficiency

It is rare that a technology can be upgraded without it having an impact on the efficiency of 
another part of the system. All technologies should be applied with a holistic systems 

Multiple engine stop/start systems can improve efficiency by reducing the number of engines 
that are required to operate to provide a given power demand. 

As the large diesel engines (sized for traction) are inefficient at low loads, the use of small 
diesel APUs could improve overall system efficiency if used for ‘hotel loads’ when stationary
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Summary of ‘Technical Developments’
(6a) Review of other technologies that could be applied to the 
rail sector

 A review of three further types of technology that could be applied to the rail sector but are unlikely 
to improve diesel powertrain efficiency is provided

7. Aftertreatment systems

– Diesel Particulate Filter (DPF) and Exhaust Gas Recirculation (EGR) will reduce tailpipe 
emissions with associated cost increase

– Diesel Particulate Filter (DPF) and Selective Catalytic Reduction (SCR) will reduce tailpipe 
emissions with associated cost increase

– Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction (SCR) provide a further 
option for Stage IIIB

– The Twin Vortex Combustion System (TVCS) uses the engine to control regulated emissions 
so no aftertreatment is required

8. Biofuels & alternative fuels 

– Use of Fatty Acid Methyl Esters (FAME) will show a fuel consumption penalty because of 
reduced energy density. It will be used in GB rail 

– The use of Biogas To Liquid (BTL) fuel may increase the quality of the baseline mineral diesel 
unless poorer mineral basestocks are employed

– The use of Hydrotreated Vegetable Oil (HVO) may increase the quality of the baseline mineral 
diesel unless poorer mineral basestocks are employed
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(6a) Review of other technologies that could be applied to the 

A review of three further types of technology that could be applied to the rail sector but are unlikely 
to improve diesel powertrain efficiency is provided

Diesel Particulate Filter (DPF) and Exhaust Gas Recirculation (EGR) will reduce tailpipe 

Diesel Particulate Filter (DPF) and Selective Catalytic Reduction (SCR) will reduce tailpipe 

Diesel Oxidation Catalyst (DOC) and Selective Catalytic Reduction (SCR) provide a further 

The Twin Vortex Combustion System (TVCS) uses the engine to control regulated emissions 

Use of Fatty Acid Methyl Esters (FAME) will show a fuel consumption penalty because of 
reduced energy density. It will be used in GB rail basestock fuel from 1st January 2012

The use of Biogas To Liquid (BTL) fuel may increase the quality of the baseline mineral diesel 
are employed

Vegetable Oil (HVO) may increase the quality of the baseline mineral 
are employed
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Summary of ‘Technical Developments’
(6b) Review of other technologies that could be applied to the 
rail sector

8. Biofuels & alternative fuels (continued)

– The use of CNG / Biogas will require significant infrastructure, engine and safety changes

– The use of hydrogen in fuel cells will pose many challenges for infrastructure, engines and 
safety in rail applications

9. Fuel cell systems

– There are several different types of fuel cell and tend to be classified by the electrolyte 
technology, such as Proton Exchange Membrane Fuel Cells (PEMFC), Solid Oxide Fuel Cells 
(SOFC), Alkaline Fuel Cells (AFC) and Direct Methanol Fuel Cells (DMFC)

– For rail applications, it is likely that PEMFC or SOFC fuel cells would be used

– To date, four prototype projects have used fuel cells systems in rail applications

– A fuel cell system could be used to provide electrical energy for the vehicle prime mover or 
provide auxiliary power
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(6b) Review of other technologies that could be applied to the 

The use of CNG / Biogas will require significant infrastructure, engine and safety changes

The use of hydrogen in fuel cells will pose many challenges for infrastructure, engines and 

There are several different types of fuel cell and tend to be classified by the electrolyte 
technology, such as Proton Exchange Membrane Fuel Cells (PEMFC), Solid Oxide Fuel Cells 
(SOFC), Alkaline Fuel Cells (AFC) and Direct Methanol Fuel Cells (DMFC)

For rail applications, it is likely that PEMFC or SOFC fuel cells would be used

To date, four prototype projects have used fuel cells systems in rail applications

A fuel cell system could be used to provide electrical energy for the vehicle prime mover or 
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Task 2: Stakeholder Engagement

 Objectives of stakeholder engagement

– Identify examples where efficiency improving technologies have been successfully 
implemented and the facilitating factors

– Identify barriers to the adoption of more efficient diesel powertrain technologies for existing and 
new rolling stock

 Interview with 8 GB rail stakeholders were held in Q4 2011:

Type Stakeholder

RoSCo
Porterbrook Leasing Group

Angel Trains

FOC
DB Schenker

Freightliner

TOC

ATOC

First Group

Northern Rail

Engine Supplier CAT
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Identify examples where efficiency improving technologies have been successfully 

Identify barriers to the adoption of more efficient diesel powertrain technologies for existing and 

Interview with 8 GB rail stakeholders were held in Q4 2011:

Date

Porterbrook Leasing Group 2nd Nov 2011

11th Nov 2011

23rd Nov 2011

28th Nov 2011

3rd Nov 2011

1st Dec 2011

9th Dec 2011

28th Nov 2011
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Success Stories – Transmission swap Class 158 and 165

 Reliability

– The ZF (mechanical) transmission had proven reliability 
having previously been deployed on Class 172 vehicles and 
fitted to trains in continental Europe and Scandinavia

 Modification complexity

– Exchanging the transmissions is a simple modification 
compared to repowering or engine modifications

 Business case

– Projected fuel savings were considerable and provided a 
robust business case for the new transmissions

 Collaboration

– RoSCos, TOCs and suppliers are working together to fit 
mechanical transmissions
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The ZF (mechanical) transmission had proven reliability 
having previously been deployed on Class 172 vehicles and 
fitted to trains in continental Europe and Scandinavia
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compared to repowering or engine modifications

Projected fuel savings were considerable and provided a 
robust business case for the new transmissions
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Success Stories – Selective Engine Technology Class 185

 Reliability

– Technology in use for 6 years with no observable downsides 
and significant fuel savings

 Modification complexity

– The Class 185 includes a Train Management System (TMS), 
which made the installation simple (mainly software upgrade)

 Business case

– The main driver for the adoption of the technology was to 
save fuel costs.  Prior to implementation of the technology the 
Class 185 was not particularly efficient (due to high installed 
power)

– Siemens and First established a profit share arrangement

 Collaboration

– Siemens and First Group working together

– Siemens technology – also responsible for the maintenance 
of the TPE Class 185 fleet; this simplified the approval 
process
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Selective Engine Technology Class 185

Technology in use for 6 years with no observable downsides 

The Class 185 includes a Train Management System (TMS), 
which made the installation simple (mainly software upgrade)

The main driver for the adoption of the technology was to 
save fuel costs.  Prior to implementation of the technology the 
Class 185 was not particularly efficient (due to high installed 

Siemens and First established a profit share arrangement

also responsible for the maintenance 
of the TPE Class 185 fleet; this simplified the approval 
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Success Stories – Repowering of Class 43 

 Modification complexity

– The MTU 16V4000 R41R engine proved to be a very good 
fit for the existing vehicle specification because it is able to 
run at 1,500rpm

– Repowering included the engine only.  Replacement of the 
alternator not required (approximately the same cost as 
replacing the engine)

 Business case

– Vehicles were fitted at the start of a new franchise 
agreement, giving maximum payback period for the TOC

– New engines delivered significant fuel savings

 Collaboration

– Project with First Group and Angel Trains, run as an open 
book project

– Collaboration and tight control of project scope seen as vital 
to success
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Repowering of Class 43 

The MTU 16V4000 R41R engine proved to be a very good 
fit for the existing vehicle specification because it is able to 

Repowering included the engine only.  Replacement of the 
alternator not required (approximately the same cost as 

Vehicles were fitted at the start of a new franchise 
agreement, giving maximum payback period for the TOC

New engines delivered significant fuel savings

Project with First Group and Angel Trains, run as an open 

Collaboration and tight control of project scope seen as vital 

Photograph courtesy of First Great Western
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Success Stories – Power Limiter for Class 66

 Reliability

– Low tech solution – not expected to 
impact on reliability or maintenance

 Modification complexity

– Simplicity of technology made getting 
approval to fit the device easy

– Fitting costs are very low compared to 
other modifications e.g. engine 
modifications

 Business Case

– Easier to win business support when 
capital costs are low

 Automatic Engine Stop Start also developed 
for Class 66 vehicles to reduce time idling 
e.g. GE AESS (but expensive and inflexible)
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Power Limiter for Class 66
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Success Stories – Procurement of Class 70

 Business Case

– Primary driver was to increase capacity not to replace existing 
stock with more efficient vehicles

– GE keen to get the vehicles into the GB market and proven 
operationally therefore pricing was competitive

 Emissions regulations

– Freightliner were able to procure PowerHaul locomotives with 
a Stage IIIA engine

– Engine can be upgraded to Stage IIIB (although this requires 
the removal of the APU and addition of  a DPF)

– A stage IIIB engine is available for Class 66, but with reduced 
power, thus requiring the use of 2 locomotives in some cases

– Some operators are buying up stocks of Class 37 locomotives 
as an alternative to procuring new locomotives that are Stage 
IIIB compliant. However, Direct Rail Services (DRS) has 
placed an order for 15 Vossloh EuroLight UK mixed traffic 
diesel-electric locomotives, which are fitted with a stage IIIB 
compliant 3,750hp Caterpillar C175 engine
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Procurement of Class 70

Primary driver was to increase capacity not to replace existing 

GE keen to get the vehicles into the GB market and proven 
operationally therefore pricing was competitive

Freightliner were able to procure PowerHaul locomotives with 

Engine can be upgraded to Stage IIIB (although this requires 
the removal of the APU and addition of  a DPF)

A stage IIIB engine is available for Class 66, but with reduced 
power, thus requiring the use of 2 locomotives in some cases

Some operators are buying up stocks of Class 37 locomotives 
as an alternative to procuring new locomotives that are Stage 
IIIB compliant. However, Direct Rail Services (DRS) has 
placed an order for 15 Vossloh EuroLight UK mixed traffic 

electric locomotives, which are fitted with a stage IIIB 

Photograph: Phil Sangwell
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Common success factors

 Factors contributing to the successful implementation of efficiency
technologies:

– High levels of collaboration between industry organisations, especially when delivering 
significant change, e.g. the repowering of the Class 43 fleet

– A strong business case, with payback periods that work within the constraints of residual 
vehicle life and franchise agreements

– A proven reliability record and predictability of maintenance requirements for the new 
technology

– Low capital costs and proven returns on investment are attractive as evidenced by the interest 
from the industry in Driver Advisory Systems (DAS)
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Factors contributing to the successful implementation of efficiency-improving 

High levels of collaboration between industry organisations, especially when delivering 
significant change, e.g. the repowering of the Class 43 fleet

A strong business case, with payback periods that work within the constraints of residual 

A proven reliability record and predictability of maintenance requirements for the new 

Low capital costs and proven returns on investment are attractive as evidenced by the interest 
from the industry in Driver Advisory Systems (DAS)
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Barriers to adoption of more efficient diesel powertrains

 Payback period - A significant barrier: RoSCos need payback over the remaining life of the 
vehicle (not constrained by franchise periods); TOCs require payback within the franchise period; 
and FOCs may need to demonstrate short payback periods for venture capital investments

 Reliability - Perceived or unknown risk relating to performance and reliability

 Overhaul - Maintenance and overhaul of vehicles is an issue; powertrain modifications can 
change maintenance requirements with associated cost implications.  Approval of overhaul 
organisation is required for most modifications

 Diesel fleet fragmentation – Diversity of DMU vehicle types and low order volumes reduces 
potential for economies of scale and investment in R&D

 Emissions standards - Requirement for new engines to be Stage IIIB compliant is a barrier to the 
procurement of new rolling stock and repowering of existing vehicles

 Resource constraints - Limited industry resources focused on efficiency improvements with 
limited collaboration.  This is particularly acute in the freight sector due to fierce competition

 Loading gauge - Physical constraints on GB rolling stock due to loading gauge and axle load 
requirements

 Fuel measurement – Accurate and precise on vehicle measurement of real time fuel consumption 
required to validate efficiency improvement claims.  Existing fuel measurement and monitoring 
based on dispensed fuel and mileage or modelled from train data
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Industry Strengths and Opportunities

Strengths

• Fuel efficiency is moving up the agenda due to increasing fuel prices
• Cost savings impact TOC bottom line and FOC competitiveness
• Under the current industry structure improvements have been made where a good business case 

exists

Opportunities

• Increased collaboration between industry stakeholders could realise greater fuel savings.
• Improved provision of testing facilities and real world tests could be beneficial
• Provision of engine monitoring and control systems could improve reliability and provide the 

interface to improve fuel efficiency
• Longer franchise periods (already happening)
• Further ‘low hanging fruit’ fuel savings still to be realised e.g. eco

advisory systems
• Technologies for improving the efficiency of diesel powertrains are available (as identified by this 

project)
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Fuel efficiency is moving up the agenda due to increasing fuel prices
Cost savings impact TOC bottom line and FOC competitiveness
Under the current industry structure improvements have been made where a good business case 

Increased collaboration between industry stakeholders could realise greater fuel savings.
Improved provision of testing facilities and real world tests could be beneficial
Provision of engine monitoring and control systems could improve reliability and provide the 

Further ‘low hanging fruit’ fuel savings still to be realised e.g. eco-driving initiatives and driver 

Technologies for improving the efficiency of diesel powertrains are available (as identified by this 
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Industry Weaknesses and Threats

Weaknesses

• GB DMU rolling stock bespoke to GB requirements: low vehicle numbers
• Available space on vehicles due to restrictive loading gauge makes retrofitting problematic
• Many technologies out of reach due to the need for short payback periods
• Relatively few OEMs and aftermarket suppliers; R&D effort is fragmented
• Perceived lack of leadership in the industry – no coherent GB rolling stock asset management 

strategy
• Power curve for many in-service engines not available or expensive to determine
• Institutional knowledge within maintenance crews may be insufficient for new technologies
• Truck engines perceived to be unreliable and unsuitable for rail duty

Threats

• Prevalence of ‘snake oils’ diverts available resources from more useful endeavours
• Frequent changes to emissions regulations can result in less efficient, but ‘cleaner’ engines
• No desire from RoSCos to procure new diesel rolling stock as demand for these vehicles is 

predicted to decline due to electrification and increasing fuel prices
• Low volume rolling stock orders provide no incentive for R&D investment
• Specification and ownership of new rolling stock not necessarily within one entity
• Vendor lock-in and warranties can create a barrier to retrofit solutions
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GB DMU rolling stock bespoke to GB requirements: low vehicle numbers
Available space on vehicles due to restrictive loading gauge makes retrofitting problematic
Many technologies out of reach due to the need for short payback periods
Relatively few OEMs and aftermarket suppliers; R&D effort is fragmented

no coherent GB rolling stock asset management 

service engines not available or expensive to determine
Institutional knowledge within maintenance crews may be insufficient for new technologies
Truck engines perceived to be unreliable and unsuitable for rail duty

Prevalence of ‘snake oils’ diverts available resources from more useful endeavours
Frequent changes to emissions regulations can result in less efficient, but ‘cleaner’ engines
No desire from RoSCos to procure new diesel rolling stock as demand for these vehicles is 
predicted to decline due to electrification and increasing fuel prices
Low volume rolling stock orders provide no incentive for R&D investment
Specification and ownership of new rolling stock not necessarily within one entity

in and warranties can create a barrier to retrofit solutions
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Conclusions from stakeholder engagement

 Stakeholders are broadly in agreement that improvements in fuel efficiency are required

 Where the industry has worked together improvements in efficiency have been realised

 Some encouraging success stories, but there are significant barriers to the adoption of 
more efficient technologies

 The procurement, leasing and operation of rolling stock is a relatively complex business

– Multiple procurement models (different specifying organisations)

– Multiple leasing arrangements (e.g. wet, dry and soggy)

 Significant differences between the passenger and freight rail industries

 Emphasis on ‘low hanging fruit’ e.g. eco-driving and driver advisory systems as a 
means of improving efficiency
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Recommendations from stakeholder engagement

 Incentivise partnerships and collaborative working

– industry needs to be able to work together to develop and adopt new technologies

 Increase the length of franchises (already happening)

– Would allow for longer payback periods to be considered by operators

 Provide greater clarity on the application of EU emissions legislation to modified and 
replacement engines

– Do the regulations apply to an existing engine which is heavily modified? When is an engine 
deemed to be a new engine?

 Technology packages must not be considered in isolation

– Technology packages should be considered as part of a range of measures

– Any overlap and conflict between technologies to improve vehicle fuel efficiency, including 
‘rebound effects’, must be fully understood

 Increasing order sizes for rolling stock in the future

– Group orders and further consolidate the diesel rolling stock on the network

 Remove penalties and barriers to testing

– Waiving penalty charges for vehicles being used to test new technologies would reduce testing 
costs
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industry needs to be able to work together to develop and adopt new technologies
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Any overlap and conflict between technologies to improve vehicle fuel efficiency, including 

Increasing order sizes for rolling stock in the future

Group orders and further consolidate the diesel rolling stock on the network

Waiving penalty charges for vehicles being used to test new technologies would reduce testing 
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Seven technology packages are proposed to improve fuel 
efficiency for existing and new GB rail diesel rolling stock

 Seven technology packages (TP) are proposed for application to new and existing rolling stock

– 5 for passenger DMUs (4 for retrofitting to existing rolling stock, 1 for new rolling stock)

– 2 for freight locomotives (1 for retrofitting to existing rolling stock, 1 for new rolling stock)

 The technology packages were generated using output from the rail vs. non
powertrain technology review and stakeholder engagement work and are used for a high level 
(fleet based) feasibility study. For each technology package the following information is provided:

– The technical specification of each technology package

– The potential fuel economy benefits as a percentage compared to the relevant baseline

– The fuel savings at a fleet level for DMUs and for locomotives

– The cost savings at a fleet level from using fewer litres of fuel

– The estimated costs to realise the potential fuel economy benefits at a fleet level

– The payback period - the best way to prioritise the technology packages

 It should be noted that there are many other possibilities for technology packages and this study is 
not able to investigate all of them

– The seven technology packages reviewed in this study can be used to generate discussions in 
the industry, with the intention of progressing the likelihood of appropriate implementation of 
more fuel efficient technologies in the future
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A technical specification, a fuel economy benefit and a 
timeframe for implementation is proposed for each TP

 An overview of the technical specification, the potential fuel economy benefit and an estimated 
timeframe for implementation of a single development programme of the technology packages is 
provided on the next slides: 

– Technical specification overview

• An overview of the key features of the technology package that Ricardo experts have used 
to establish estimates for the fuel economy benefits

– Fuel economy benefit 

• Ricardo experts have estimated the percentage improvement in fuel economy over the 
representative duty cycles outlined earlier compared to the corresponding baselines:

– Class 158 ‘Engine Group 1’ for passenger DMUs 

– Class 66 for freight locomotives

– Timeframe for implementation

• This is the estimated time taken for a development programme to realise the FE benefits for 
a single DMU or locomotive powertrain system

• It does not include the time to retrofit the package to the associated fleet of DMUs or 
locomotives
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Analysis of GB diesel rolling stock has led to two key  
target groups for application of technology packages

Source: British Railway Locomotives and Coaching Stock 2011 published by Platform 5

Classification of GB 
Rail Diesel Fleet

100% of GB Diesel Fleet

Passenger 
DMU

71% of GB Fleet

Freight 
Locomotive

23% of GB Fleet

Passenger 
Locomotive

6% of GB Fleet

Engine Group 2

Engine Group 1 
(1591 DMU cars)

55% of Pass. DMUs

19% of Pass. DMUs

Engine Group 3

26% of Pass. DMUs

Class 66 
(450 locos)

48% of Freight Locos. 

Others

52% of Freight Locos.

Key:        = addressed by technology packages;       = not addressed by technology packages (but improvements still possible

 50% of GB rail diesel rolling stock (by vehicle quantity) is 
addressed with the technology packages, but this equates to 
57% of DMU mileage & 87% of freight locomotive mileage
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Class 66 
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48% of Freight Locos. 

Others

52% of Freight Locos.

Key:        = addressed by technology packages;       = not addressed by technology packages (but improvements still possible)

50% of GB rail diesel rolling stock (by vehicle quantity) is 
addressed with the technology packages, but this equates to 
57% of DMU mileage & 87% of freight locomotive mileage
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A summary of the technical specifications for the five 
passenger DMU Technology Packages is given below

 TP #1-4 are for existing rolling stock & TP #5 is for new rolling stock

Technology Group Technology

Gas Exchange System
Combustion System
Engine Friction Reduction & Lubricants

Oil Pump
Water Pump 
Compressor & Auxiliary Alternator

Variable Speed Fans 
Heat Exchanger Arrangement
Air Flow Rate Through Cooling Pack
Electrical Turbocompound

Mechanical Transmission
High Speed Flywheels
Batteries

Stop / Start Battery System
Full Hybrid Flywheel System
DOC + SCR
Powertrain system optimisation 

Multiple engine stop/start system

Hybrid Powertrain Systems 

& Energy Storage

Aftertreatment (Stage IIIB)

Engine Parasitic Loss 

Reduction

Additional efficiency 

improvements

Engine Enhancements 

Waste Heat Recovery

Transmission & Driveline 
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A summary of the technical specifications for the five 
passenger DMU Technology Packages is given below

4 are for existing rolling stock & TP #5 is for new rolling stock

TP #1 TP #2 TP #3 TP #4 TP #5

    
    

Engine Friction Reduction & Lubricants     

    
    

Compressor & Auxiliary Alternator     
    

Heat Exchanger Arrangement     
Air Flow Rate Through Cooling Pack     

    

    
    
    
    

    
    

Powertrain system optimisation     
Multiple engine stop/start system     
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Technology Package #1 – Existing Passenger DMU 
Gas exchange system upgrade 

 Improvements to the engine gas exchange systems will improve efficiency by minimising engine 
breathing losses. This technology package is one of the simplest to apply, with the majority of the 
benefits coming from the upgrade in turbocharging technology

 Whilst the enhancements are relatively simple, because of the bespoke nature of the DMU fleet 
there is no ‘one-size-fits-all’ solution; however, it is possible that the upgraded systems could be 
applied across all the engines in Engine Group 1

 The timeframe for implementation of 12–18 months is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 
applied to 200 DMU cars

Technology Package #1 – Existing Passenger DMU 
Gas exchange system upgrade 

Technical specification 
overview

 New turbocharger & corresponding exhaust manifold modifications

 New air filter to reduce inlet pressure loss

Potential fuel economy 
benefit (over baseline)

 3% (Intercity duty cycle)

 3% (Local duty cycle)

Timeframe for 
implementation

 12–18 months
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Existing Passenger DMU 

Improvements to the engine gas exchange systems will improve efficiency by minimising engine 
breathing losses. This technology package is one of the simplest to apply, with the majority of the 
benefits coming from the upgrade in turbocharging technology

Whilst the enhancements are relatively simple, because of the bespoke nature of the DMU fleet 
all’ solution; however, it is possible that the upgraded systems could be 

applied across all the engines in Engine Group 1

18 months is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 

Existing Passenger DMU 

New turbocharger & corresponding exhaust manifold modifications

New air filter to reduce inlet pressure loss



Q57475 Unrestricted

See Word-style document for full details of the study

Technology Package #2 – Existing Passenger DMU 
Transmission upgrade 

 New mechanical transmissions offer large fuel economy benefits over the Voith T211 transmission 

 The FE benefit is route profile driven, with estimated benefits of up to 20% being possible on more 
extreme duty cycles with more stops

 It should be possible to use the upgraded transmission across all the powertrain systems in 
Engine Group 1

 The timeframe for implementation of 12 months is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 
applied to 200 DMU cars

Technology Package #2 – Existing Passenger DMU 
Transmission upgrade 

Technical specification 
overview

 New mechanical transmission (e.g. ZF / Voith) to improve efficiency over 
T211

Potential fuel economy 
benefit (over baseline)

 10% (Intercity duty cycle)

 13% (Local duty cycle)

Timeframe for 
implementation

 12 months
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Existing Passenger DMU 

New mechanical transmissions offer large fuel economy benefits over the Voith T211 transmission 

The FE benefit is route profile driven, with estimated benefits of up to 20% being possible on more 

It should be possible to use the upgraded transmission across all the powertrain systems in 

The timeframe for implementation of 12 months is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 

Existing Passenger DMU 

New mechanical transmission (e.g. ZF / Voith) to improve efficiency over 
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Technology Package #3 – Existing Passenger DMU
Gas exchange & combustion systems upgrade

 This technology package builds upon the gas exchange system upgrade of TP #1, with further 
improvements in FE from the use of controllable injection timing and pressure using advanced fuel 
injection equipment (FIE) and common rail systems (without any detrimental effect to NOx 
emissions) and the use of electrical or variable flow coolant and oil pumps

 Double counting of FE benefits has been avoided

 It is possible that the upgraded system could be applied across all the engines in Engine Group 1

 The timeframe for implementation of 2–3 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 
applied to 200 DMU cars

Technology Package #3 – Existing Passenger DMU 
Gas exchange & combustion systems upgrade

Technical specification 
overview

 New turbocharger & air filter

 New combustion system & FIE with sensors and calibration

 Revised 'bolt-on' lubrication & cooling systems

Potential fuel economy 
benefit (over baseline)

 7% (Intercity duty cycle)

 8% (Local duty cycle)

Timeframe for 
implementation

 2–3 years
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Existing Passenger DMU
Gas exchange & combustion systems upgrade

This technology package builds upon the gas exchange system upgrade of TP #1, with further 
improvements in FE from the use of controllable injection timing and pressure using advanced fuel 
injection equipment (FIE) and common rail systems (without any detrimental effect to NOx 
emissions) and the use of electrical or variable flow coolant and oil pumps

Double counting of FE benefits has been avoided

It is possible that the upgraded system could be applied across all the engines in Engine Group 1

3 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 

Existing Passenger DMU 

New combustion system & FIE with sensors and calibration

on' lubrication & cooling systems
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Technology Package #4 – Existing Passenger DMU
Addition of stop/start battery system

 At first thought, stop/start systems for a passenger DMU may sound like a sensible option, so this 
technology package was proposed in order to provide a useful comparison; however, it is known 
that improvements to engine operating efficiency at higher loads will be more beneficial as only 4% 
of fuel is burnt at idle in the intercity duty cycle and 7% in the local duty cycle

 A stop/start lead acid battery system could improve FE in the most cost
issue of hotel loads resolved by using jumper cables and enhanced starter/alternators so multiple 
DMU cars could be provided with power using just one engine 

 The timeframe for implementation of 2 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 
applied to 200 DMU cars

Technology Package #4 – Existing Passenger DMU 
Addition of stop/start battery system

Technical specification 
overview

 New stop/start lead-acid battery system to reduce idle fuel consumption

 Jumper cables and control system to enable engine stop/start between 
DMUs

Potential fuel economy 
benefit (over baseline)

 3% (Intercity duty cycle)

 6% (Local duty cycle)

Timeframe for 
implementation

 2 years
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Existing Passenger DMU

At first thought, stop/start systems for a passenger DMU may sound like a sensible option, so this 
technology package was proposed in order to provide a useful comparison; however, it is known 
that improvements to engine operating efficiency at higher loads will be more beneficial as only 4% 
of fuel is burnt at idle in the intercity duty cycle and 7% in the local duty cycle

A stop/start lead acid battery system could improve FE in the most cost-effective manner with the 
issue of hotel loads resolved by using jumper cables and enhanced starter/alternators so multiple 
DMU cars could be provided with power using just one engine 

The timeframe for implementation of 2 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, which could then be 

Existing Passenger DMU 

acid battery system to reduce idle fuel consumption

Jumper cables and control system to enable engine stop/start between 
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Technology Package #5 – New Passenger DMU
New Stage IIIB powertrain system for new rolling stock

 This technology package is specifically designed for new rolling stock. A powerpack with the 
systems listed above is purchased from the engine manufacturer. This powertrain system includes 
the many of the high efficiency technologies already used in non
high speed flywheel and electrical turbocompounding technology will be suitably mature to 
implement in this timeframe. The DOC + SCR system will achieve Stage IIIB emissions without the 
need for a DPF, increasing packaging space. Double counting of FE benefits has been avoided

 The timeframe for implementation of 3–5 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, including all the 
necessary aftertreatment, packaging and durability investigations

Technology Package #5 – Existing Passenger DMU 
New Stage IIIB powertrain system for new rolling stock

Technical specification 
overview

 New Stage IIIB engine (specifically designed for new rolling stock) with DOC 
and SCR (no DPF) aftertreatment and a new mechanical transmission

 Stop/start lead-acid battery system and jumper cables and control system to 
enable engine stop/start between DMUs

 High speed flywheel & electrical turbocompound to further improve efficiency

Potential fuel economy 
benefit (over baseline)

 34% (Intercity duty cycle)

 42% (Local duty cycle)

Timeframe for 
implementation

 3–5 years
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New Passenger DMU
New Stage IIIB powertrain system for new rolling stock

This technology package is specifically designed for new rolling stock. A powerpack with the 
systems listed above is purchased from the engine manufacturer. This powertrain system includes 
the many of the high efficiency technologies already used in non-rail sectors. It is assumed that 
high speed flywheel and electrical turbocompounding technology will be suitably mature to 
implement in this timeframe. The DOC + SCR system will achieve Stage IIIB emissions without the 
need for a DPF, increasing packaging space. Double counting of FE benefits has been avoided

5 years is the estimated time taken for a development 
programme to realise the FE benefits for a single DMU powertrain system, including all the 
necessary aftertreatment, packaging and durability investigations

Existing Passenger DMU 
New Stage IIIB powertrain system for new rolling stock

New Stage IIIB engine (specifically designed for new rolling stock) with DOC 
and SCR (no DPF) aftertreatment and a new mechanical transmission

acid battery system and jumper cables and control system to 
enable engine stop/start between DMUs

High speed flywheel & electrical turbocompound to further improve efficiency
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A comparison of the FE benefit relative to baseline for 
passenger DMUs is shown for the 5 technology packages

 The fuel efficiency 
(FE) benefits for the 
five technology 
packages for both 
DMU duty cycles 
compared to the 
baseline DMU 
powertrain system 
are shown in the 
graph on the right

 It is clear that 
significant 
improvements in 
diesel fuel 
efficiency appear to 
be possible by 
using mature 
technology from 
non-rail sectors
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A comparison of the FE benefit relative to baseline for 
passenger DMUs is shown for the 5 technology packages
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Millions of litres of diesel could be saved each year by 
applying the technology packages to the DMU fleet

 The graph shows 
how many litres of 
diesel could be 
saved annually if 
each technology 
package was 
applied to all 1591 
DMUs in ‘Engine 
Group 1’

 The calculation is: 
‘FE benefit (%) x 
annual number of 
litres used by one 
DMU x number of 
DMU engines 
(1591)’

 This simple analysis 
shows that millions 
of litres of diesel 
could be saved each 
year
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Note: The number of litres used by one DMU over the intercity/local duty cycle is calculated using 
assumptions shown in the  next (cost
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Millions of litres of diesel could be saved each year by 
applying the technology packages to the DMU fleet
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A summary of the technical specifications for the two 
freight locomotive Technology Packages is given below

 TP #6 is for existing rolling stock & TP #7 is for new rolling stock

Technology Group Technology

Gas Exchange System

Combustion System

Engine Friction Reduction & Lubricants

Oil Pump

Water Pump 

Compressor & Auxiliary Alternator

Variable Speed Fans 

Heat Exchanger Arrangement

Batteries

Stop / Start Battery System

Aftertreatment (Stage IIIB) DPF + EGR

Powertrain system optimisation 

Multiple engine stop/start system

Auxiliary power unit (APU)

Additional efficiency 

improvements

Engine Enhancements 

Engine Parasitic Loss 

Reduction

Hybrid Powertrain Systems & 

Energy Storage
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A summary of the technical specifications for the two 
freight locomotive Technology Packages is given below

TP #6 is for existing rolling stock & TP #7 is for new rolling stock

TP #6 TP #7

Gas Exchange System  

Combustion System  

Engine Friction Reduction & Lubricants  

 

 

Compressor & Auxiliary Alternator  

Variable Speed Fans  

Heat Exchanger Arrangement  

 

Stop / Start Battery System  

 

Powertrain system optimisation  

Multiple engine stop/start system  

Auxiliary power unit (APU)  
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Technology Package #6 – Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small genset

 There are limited options for improvements to the 2

 However, it is clear from the earlier analysis that a stop/start system for a freight locomotive could 
be highly beneficial, as up to 41% of fuel is burnt at idle in the freight duty cycle

 A stop/start system using lead acid batteries is proposed; the issue of hotel loads from the cabin is 
resolved by using a compact, lightweight diesel genset. Additional efficiency benefits are achieved 
by upgrading the compressor wheel in the turbocharger, upgrading the charge air cooler and 
cooling systems and re-mapping the notch points to the most efficient engine operating points

 The timeframe for implementation of 2 years is the estimated time taken for a development 
programme to realise the FE benefits for a single locomotive powertrain system

Technology Package #6 – Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small 

Technical specification 
overview

 New stop/start lead-acid battery system

 Gas exchange system upgrade

 New 30kW lightweight diesel 

Potential fuel economy 
benefit (over baseline)

 30% (Freight duty cycle)

Timeframe for 
implementation

 2 years
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Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small genset

There are limited options for improvements to the 2-stroke engine in the Class 66 locomotive

However, it is clear from the earlier analysis that a stop/start system for a freight locomotive could 
be highly beneficial, as up to 41% of fuel is burnt at idle in the freight duty cycle

A stop/start system using lead acid batteries is proposed; the issue of hotel loads from the cabin is 
resolved by using a compact, lightweight diesel genset. Additional efficiency benefits are achieved 
by upgrading the compressor wheel in the turbocharger, upgrading the charge air cooler and 

mapping the notch points to the most efficient engine operating points

The timeframe for implementation of 2 years is the estimated time taken for a development 
programme to realise the FE benefits for a single locomotive powertrain system

Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small genset

acid battery system

Gas exchange system upgrade

New 30kW lightweight diesel genset (e.g. for cabin air conditioning)
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Technology Package #7 – New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

 This technology package is specifically designed for new rolling stock. The proposed Stage IIIB 
powertrain system with two different sized engines (2000kW and 560kW) with DPF + EGR 
emissions systems  (and also including two new alternators, power electronics, cooling system 
and associated control systems) would be developed by and then purchased from the engine 
manufacturer. The 2000kW and 560kW engines would enable increased flexibility by allowing 
three modes of operation: (1) 560kW only (e.g. idle, coasting), (2) 2000kW only (e.g. constant 
speed) & (3) 2000kW+560kW (e.g. acceleration, climbing gradients). Engine combination selection 
could be automatic using a GPS equipped control system that knows the topography

 The timeframe for implementation of 3–5 years is the estimated time taken for a development 
programme to realise the FE benefits for a single locomotive powertrain system, including all the 
necessary aftertreatment, packaging and durability investigations

Technology Package #7 – New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

Technical specification 
overview

 Two new Stage IIIB engines (specifically designed for new rolling stock)

 1x ~2000kW & 1x ~560kW

 Engine stop/start systems to enable flexibility via three modes of operation

Potential fuel economy 
benefit (over baseline)

 35% (Freight duty cycle)

Timeframe for 
implementation

 3–5 years
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New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

This technology package is specifically designed for new rolling stock. The proposed Stage IIIB 
powertrain system with two different sized engines (2000kW and 560kW) with DPF + EGR 
emissions systems  (and also including two new alternators, power electronics, cooling system 
and associated control systems) would be developed by and then purchased from the engine 
manufacturer. The 2000kW and 560kW engines would enable increased flexibility by allowing 
three modes of operation: (1) 560kW only (e.g. idle, coasting), (2) 2000kW only (e.g. constant 
speed) & (3) 2000kW+560kW (e.g. acceleration, climbing gradients). Engine combination selection 
could be automatic using a GPS equipped control system that knows the topography

5 years is the estimated time taken for a development 
programme to realise the FE benefits for a single locomotive powertrain system, including all the 
necessary aftertreatment, packaging and durability investigations

New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

Two new Stage IIIB engines (specifically designed for new rolling stock)

Engine stop/start systems to enable flexibility via three modes of operation
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A comparison of the FE benefit relative to the Class 66 
baseline is shown for the two technology packages

 For TP #6, the majority of the FE benefit 
arises from reducing the amount of fuel 
used when idling (41% of fuel used for 
baseline Class 66 over freight duty cycle) 
by using the stop/start system 

 For TP #7, the new powertrain system 
addresses improvements at idle by using 
a far more efficient small engine, and at 
the other load points primarily from 
improvements in operating efficiency 
from the flexible 2-engine system
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A comparison of the FE benefit relative to the Class 66 
baseline is shown for the two technology packages
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Millions of litres of diesel could be saved each year by 
applying the technology packages to the Class 66 fleet

 The graph shows how many litres of 
diesel could be saved annually if each 
technology package was applied to all 
450 Class 66 locomotives in the GB rail 
fleet

 The calculation is: 

– ‘FE benefit (%) x annual number of 
litres used by one Class 66 locomotive 
x number of locomotives (450)’

– Note: The number of litres used by 
one Class 66 locomotive is calculated 
using assumptions shown in the next 
(cost-based) section

 This analysis shows that more litres of 
diesel could be saved by applying TP#6 
(or TP#7) to the 450 Class 66 
locomotives than re-engining all 1591 
DMUs with Stage IIIB engines
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Millions of litres of diesel could be saved each year by 
applying the technology packages to the Class 66 fleet
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Summary – The locomotive technology packages appear 
to save the most fuel when applied at fleet level

 The results show that more litres of diesel could be saved by applying TP#6 to the existing 450 
Class 66 locomotives than re-engining all 1591 DMUs in ‘Engine Group 1’ with Stage IIIB engines 
(TP #5). The most attractive retrofit technology package for passenger DMUs appears to be TP 
#2; however, the costs of doing this have not been taken into account 
payback periods are investigated in the next section in order to recommend the most attractive 
technology packages

TP Application Technical Specification Overview

#1
Existing passenger 

DMU
Gas exchange system upgrade

#2
Existing passenger 

DMU
Transmission upgrade

#3
Existing passenger 

DMU
Gas exchange & combustion systems 

upgrade

#4
Existing passenger 

DMU
Addition of a stop/start battery system

#5 New passenger DMU New Stage IIIB powertrain system

#6
Existing freight 

locomotive
Idle stop/start, gas exchange system 

upgrade & small genset

#7
New freight 
locomotive

New Stage IIIB powertrain system
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The locomotive technology packages appear 
to save the most fuel when applied at fleet level

The results show that more litres of diesel could be saved by applying TP#6 to the existing 450 
engining all 1591 DMUs in ‘Engine Group 1’ with Stage IIIB engines 

(TP #5). The most attractive retrofit technology package for passenger DMUs appears to be TP 
#2; however, the costs of doing this have not been taken into account – the cost benefits and 
payback periods are investigated in the next section in order to recommend the most attractive 

Technical Specification Overview
FE Benefit (over duty 

cycle) (%)
Annual Fleet Fuel 

Savings (million litres)

Gas exchange system upgrade
3% (intercity)             

3% (local)
5.0 (intercity)                    

3.7 (local)

10% (intercity)          
13% (local)

16.7 (intercity)           
15.9 (local)

Gas exchange & combustion systems 7% (intercity)               
8% (local)

11.7 (intercity)             
9.8 (local)

Addition of a stop/start battery system
3% (intercity)             

6% (local)
5.0 (intercity)               

7.3 (local)

New Stage IIIB powertrain system
34% (intercity)           

42% (local)
56.7 (intercity)           

50.8 (local)

Idle stop/start, gas exchange system 
upgrade & small genset

30% (freight) 89.1 (freight)

New Stage IIIB powertrain system 35% (freight) 104.0 (freight)
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Estimates of the cost benefits & payback period for each 
Technology Package are made using a spreadsheet

 The objective of the cost benefits & payback period study is to provide as fair a comparison as 
possible between the technology packages in order to assess and prioritise the technology 
packages that are considered

– Whilst there may be some debate over the exact values used, this work aims to provide 
sensible material for discussion

– Sensitivity studies and further technology package options can be analysed easily using the 
spreadsheet in the future (available on request 

 The following information has been developed to analyse the seven technology packages:

– Estimated annual savings in fuel (in £millions) 

• Using assumed cost/litre data for diesel in 2012 and a prediction for 2022

– Cost of technology package

• Development cost for batch development of 200 DMU cars / 450 locomotives

• Cost of new equipment assuming an order for 200 DMU cars / 450 locomotives

• Change in overhaul cost

– Payback period

• All the information above is combined and used in a spreadsheet to produce estimates for 
payback period in years for each of the technology packages

• The spreadsheet inputs are shown on the next slide
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Estimates of the cost benefits & payback period for each 
Technology Package are made using a spreadsheet

The objective of the cost benefits & payback period study is to provide as fair a comparison as 
possible between the technology packages in order to assess and prioritise the technology 

Whilst there may be some debate over the exact values used, this work aims to provide 

Sensitivity studies and further technology package options can be analysed easily using the 
spreadsheet in the future (available on request – see contact details in Appendix 1A)

The following information has been developed to analyse the seven technology packages:

Estimated annual savings in fuel (in £millions) for each technology package

Using assumed cost/litre data for diesel in 2012 and a prediction for 2022

Development cost for batch development of 200 DMU cars / 450 locomotives

Cost of new equipment assuming an order for 200 DMU cars / 450 locomotives

All the information above is combined and used in a spreadsheet to produce estimates for 
payback period in years for each of the technology packages

The spreadsheet inputs are shown on the next slide
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An explanation of key input data used to calculate the 
cost benefits & payback periods is provided below

 Estimates of the cost benefits and payback 
periods for each Technology Package have 
been made using sensible assumptions

 On the right are the cost benefits and 
payback period spreadsheet inputs for 
passenger DMU TP#1 (as an example)

– The orange cells are values that can vary 
between all technology packages

– The yellow cells are fixed (but can be 
different for passenger DMU and freight 
locomotive technology packages)

– The white cells are simple calculations 
using values in the orange and yellow 
cells

 The cost benefits and payback period 
spreadsheet inputs for each technology 
package are shown in the next section
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An explanation of key input data used to calculate the 
cost benefits & payback periods is provided below

1 Total fuel saving of technology package (local) 3%

2 Total fuel saving of technology package (intercity) 3%
3 Fuel Price (2012) £0.60
4 Fuel Price Inflation to 2015 5%

5 Fuel Price Inflation 2016 - 2020 5%
6 Fuel Price Inflation 2020 - 2040 5%
7 Annual Mileage (local) 110,000

8 Miles per Litre (local) 1.43
9 Annual Fuel Usage (litres) (local) 76,864

10 Annual Fuel Bill (local) £46,118
11 Annual Mileage (intercity) 150,000
12 Miles per Litre (intercity) 1.43

13 Annual Fuel Usage (litres) (intercity) 104,814
14 Annual Fuel Bill (intercity) £62,889
15 Development cost £500,000

16 Number of DMUs to spread development cost over 200
17 One off cost of new equipment £3,000

18 Annual ongoing cost to deliver fuel saving £0
19 Inflation 3%
20 Interest rate on capital loan 8%

21 Old overhaul cost £20,000
22 Old overhaul periodicity (miles) 500,000
23 Old overhaul periodicity (years) 4.5

24 Value of removed equipment £0
25 New equipment overhaul cost £20,000
26 New equipment overhaul periodicity (miles) 500,000

27 New equipment overhaul periodicity (years) 4.5

 Input data for fuel savings & payback period
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GB Rail - Projected Cost of Diesel (£/litre)

Projected Cost of Diesel for GB rail

The cost of diesel is assumed to increase by 5% each 
year starting at £0.60/litre in 2012 (e.g. £0.98/litre in 2022)

 The projected cost of diesel used in the payback calculations is shown in the graph below
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2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032

Year

Projected Cost of Diesel (£/litre)

The cost of diesel is assumed to increase by 5% each 
year starting at £0.60/litre in 2012 (e.g. £0.98/litre in 2022)

The projected cost of diesel used in the payback calculations is shown in the graph below
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Technology Package #1 – Existing Passenger DMU 
Gas exchange system upgrade 

 Technical specification overview

– New turbocharger & corresponding exhaust 
manifold modifications; New air filter to 
reduce inlet pressure loss

 Cost of development programme

– £500,000 (for 200 DMUs)

 Cost of new equipment

– £3,000 per engine (assuming 1 per DMU)

 Cost of new overhaul

– Same as old overhaul
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Existing Passenger DMU 

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package (local) 3%

Total fuel saving of technology package (intercity) 3%

Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%

Fuel Price Inflation 2016 - 2020 5%

Fuel Price Inflation 2020 - 2040 5%
Annual Mileage (local) 110,000

Miles per Litre (local) 1.43

Annual Fuel Usage (litres) (local) 76,864
Annual Fuel Bill (local) £46,118

Annual Mileage (intercity) 150,000

Miles per Litre (intercity) 1.4311

Annual Fuel Usage (litres) (intercity) 104,814
Annual Fuel Bill (intercity) £62,889

Development cost £500,000

Number of DMUs to spread development cost over 200
One off cost of new equipment £3,000

Annual ongoing cost to deliver fuel saving £0

Inflation 3%
Interest rate on capital loan 8%

Old overhaul cost £20,000

Old overhaul periodicity (miles) 500,000

Old overhaul periodicity (years) 4.5
Value of removed equipment £0

New equipment overhaul cost £20,000

New equipment overhaul periodicity (miles) 500,000
New equipment overhaul periodicity (years) 4.5
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Technology Package #2 – Existing Passenger DMU 
Transmission upgrade 

 Technical specification overview

– New mechanical transmission (e.g. ZF / 
Voith) to improve efficiency over T211

 Cost of development programme

– £500,000 (for 200 DMUs)

 Cost of new equipment

– £70,000 per unit (assuming 1 per DMU)

 Cost of new overhaul

– Saving of £7,500 per unit
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Existing Passenger DMU 

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package (local) 13%

Total fuel saving of technology package (intercity) 10%

Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%

Fuel Price Inflation 2016 - 2020 5%

Fuel Price Inflation 2020 - 2040 5%
Annual Mileage (local) 110,000

Miles per Litre (local) 1.43

Annual Fuel Usage (litres) (local) 76,864
Annual Fuel Bill (local) £46,118

Annual Mileage (intercity) 150,000

Miles per Litre (intercity) 1.4311

Annual Fuel Usage (litres) (intercity) 104,814
Annual Fuel Bill (intercity) £62,889

Development cost £500,000

Number of DMUs to spread development cost over 200
One off cost of new equipment £70,000

Annual ongoing cost to deliver fuel saving £0

Inflation 3%
Interest rate on capital loan 8%

Old overhaul cost £15,000

Old overhaul periodicity (miles) 500,000

Old overhaul periodicity (years) 4.5
Value of removed equipment £0

New equipment overhaul cost £7,500

New equipment overhaul periodicity (miles) 500,000
New equipment overhaul periodicity (years) 4.5
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Technology Package #3 – Existing Passenger DMU
Gas exchange & combustion systems upgrade

 Technical specification overview

– New turbocharger & air filter; New 
combustion system & FIE with sensors and 
calibration; Revised 'bolt-on' lubrication & 
cooling systems

 Cost of development programme

– £4,500,000 (for 200 DMUs)

 Cost of new equipment

– £12,000 per engine (assuming 1 per DMU)

 Cost of new overhaul

– Increase of £6,000 per engine (assuming 1 
per DMU) 
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Existing Passenger DMU
Gas exchange & combustion systems upgrade

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package (local) 8%

Total fuel saving of technology package (intercity) 7%

Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%

Fuel Price Inflation 2016 - 2020 5%

Fuel Price Inflation 2020 - 2040 5%
Annual Mileage (local) 110,000

Miles per Litre (local) 1.43

Annual Fuel Usage (litres) (local) 76,864
Annual Fuel Bill (local) £46,118

Annual Mileage (intercity) 150,000

Miles per Litre (intercity) 1.4311

Annual Fuel Usage (litres) (intercity) 104,814
Annual Fuel Bill (intercity) £62,889

Development cost £4,500,000

Number of DMUs to spread development cost over 200
One off cost of new equipment £12,000

Annual ongoing cost to deliver fuel saving £0

Inflation 3%
Interest rate on capital loan 8%

Old overhaul cost £20,000

Old overhaul periodicity (miles) 500,000

Old overhaul periodicity (years) 4.5
Value of removed equipment £0

New equipment overhaul cost £26,000

New equipment overhaul periodicity (miles) 500,000
New equipment overhaul periodicity (years) 4.5
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Technology Package #4 – Existing Passenger DMU
Addition of stop/start battery system

 Technical specification overview

– New stop/start lead-acid battery system to 
reduce idle fuel consumption; Jumper 
cables and control system to enable engine 
stop/start between DMUs

 Cost of development programme

– £1,000,000 (for 200 DMUs)

 Cost of new equipment

– £40,000 per engine (assuming 1 per DMU)

 Cost of new overhaul

– Increase of £2,000 per engine (assuming 1 
per DMU) 
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Existing Passenger DMU

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package (local) 6%

Total fuel saving of technology package (intercity) 3%

Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%

Fuel Price Inflation 2016 - 2020 5%

Fuel Price Inflation 2020 - 2040 5%
Annual Mileage (local) 110,000

Miles per Litre (local) 1.43

Annual Fuel Usage (litres) (local) 76,864
Annual Fuel Bill (local) £46,118

Annual Mileage (intercity) 150,000

Miles per Litre (intercity) 1.4311

Annual Fuel Usage (litres) (intercity) 104,814
Annual Fuel Bill (intercity) £62,889

Development cost £1,000,000

Number of DMUs to spread development cost over 200
One off cost of new equipment £40,000

Annual ongoing cost to deliver fuel saving £0

Inflation 3%
Interest rate on capital loan 8%

Old overhaul cost £20,000

Old overhaul periodicity (miles) 500,000

Old overhaul periodicity (years) 4.5
Value of removed equipment £0

New equipment overhaul cost £22,000

New equipment overhaul periodicity (miles) 500,000
New equipment overhaul periodicity (years) 4.5
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Technology Package #5 – New Passenger DMU
New Stage IIIB powertrain system for new rolling stock

 Technical specification overview

– New Stage IIIB engine (specifically 
designed for new rolling stock); DOC and 
SCR (no DPF) aftertreatment; New 
mechanical transmission; Stop/start lead-
acid battery system; Jumper cables and 
control system to enable engine stop/start 
between DMUs; High speed flywheel; 
Electrical turbocompound system

 Cost of development programme

– No cost – new powertrain developed

 Cost of new equipment

– £260,000 per engine (assuming 1 per DMU)

 Cost of new overhaul

– Increase of £15,000 per engine (assuming 1 
per DMU) 
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New Passenger DMU
New Stage IIIB powertrain system for new rolling stock

Increase of £15,000 per engine (assuming 1 

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package (local) 42%

Total fuel saving of technology package (intercity) 34%

Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%

Fuel Price Inflation 2016 - 2020 5%

Fuel Price Inflation 2020 - 2040 5%
Annual Mileage (local) 110,000

Miles per Litre (local) 1.43

Annual Fuel Usage (litres) (local) 76,864
Annual Fuel Bill (local) £46,118

Annual Mileage (intercity) 150,000

Miles per Litre (intercity) 1.4311

Annual Fuel Usage (litres) (intercity) 104,814
Annual Fuel Bill (intercity) £62,889

Development cost £0

Number of DMUs to spread development cost over 200
One off cost of new equipment £260,000

Annual ongoing cost to deliver fuel saving £0

Inflation 3%
Interest rate on capital loan 8%

Old overhaul cost £20,000

Old overhaul periodicity (miles) 500,000

Old overhaul periodicity (years) 4.5
Value of removed equipment £0

New equipment overhaul cost £35,000

New equipment overhaul periodicity (miles) 500,000
New equipment overhaul periodicity (years) 4.5
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Annual cost savings from fuel savings relative to baseline 
for passenger DMUs (2012 price assumption of £0.60/litre) 

 The graph shows the 
annual cost savings 
relative to the 
baseline DMU fleet for 
each technology 
package over the 
intercity and local duty 
cycles if applied to 
55% of DMU fleet 
(1591 DMU cars in 
‘Engine Group 1’) 
assuming an 
estimated 2012 fuel 
price of £0.60/litre

 The analysis shows 
that millions of pounds 
could be saved each 
and every year by 
application of these 
technology packages 
across the fleet
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Annual cost savings from fuel savings relative to baseline 
for passenger DMUs (2012 price assumption of £0.60/litre) 
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Annual cost savings from fuel savings relative to baseline 
for passenger DMUs (2022 price assumption of £0.98/litre) 

 The graph shows the 
annual cost savings 
relative to the 
baseline DMU fleet for 
each technology 
package over the 
intercity and local duty 
cycles if applied to 
55% of DMU fleet 
(1591 DMU cars in 
‘Engine Group 1’) 
assuming an 
estimated 2012 fuel 
price of £0.98/litre

 It is clear that the 
payback period for the 
technology packages 
will decrease as the 
cost/litre increases
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Annual cost savings from fuel savings relative to baseline 
for passenger DMUs (2022 price assumption of £0.98/litre) 
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Payback period calculations for DMUs show that TP #1 
(gas exchange system upgrade) is most attractive

 Whilst large 
savings in FE are 
possible this has to 
balanced with the 
costs of 
implementing the 
technology 
packages to give a 
payback period

 All of the input data 
(shown on the 
previous slides) 
has been used in a 
spreadsheet to 
calculate the 
payback period

 TP #1 has a 3-5 
year payback 
depending on duty 
cycle
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Payback period calculations for DMUs show that TP #1 
(gas exchange system upgrade) is most attractive
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The payback period is the key output from this study 
TP #1 (gas exchange system upgrade) is most attractive

 Technology package #1 (gas exchange system upgrade) 
passenger DMU fleet, with a payback period of 3.1 years for the intercity duty cycle and 4.3 years 
for the local duty cycle. The reason for the difference in payback period between the duty cycles is 
the higher annual mileage of the intercity duty cycle of 150,000 miles (compared with 110,000 
miles for the local duty cycle). This means that the FE benefit of 3% (which is the same for both 
local and intercity duty cycles) saves more fuel on an annual basis on the intercity duty cycle, 
therefore saving more money and paying back the investment sooner

 Technology Package #2 (transmission upgrade) 
passenger DMU fleet, with a payback period of 10.9 years for the intercity duty cycle and 12.4 
years for the local duty cycle

 Technology Package #3 (gas exchange & combustion systems upgrade) 
attractive for GB rail’s passenger DMU fleet, with a payback period of 13.3 years for the intercity 
duty cycle and 14.8 years for the local duty cycle

 Technology Package #4 (addition of a stop/start battery system) 
in payback period terms for GB rail’s passenger DMU fleet. The payback period is 25 years for the 
local duty cycle and over 30 years for the intercity duty cycle

 Technology Package #5 (new Stage IIIB powertrain system for new passenger DMU rolling 
stock) has a payback period of 18.1 years for the intercity duty cycle and 19.9 years for the local 
duty cycle
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The payback period is the key output from this study –
TP #1 (gas exchange system upgrade) is most attractive

Technology package #1 (gas exchange system upgrade) is the most attractive for GB rail’s 
passenger DMU fleet, with a payback period of 3.1 years for the intercity duty cycle and 4.3 years 
for the local duty cycle. The reason for the difference in payback period between the duty cycles is 
the higher annual mileage of the intercity duty cycle of 150,000 miles (compared with 110,000 
miles for the local duty cycle). This means that the FE benefit of 3% (which is the same for both 
local and intercity duty cycles) saves more fuel on an annual basis on the intercity duty cycle, 
therefore saving more money and paying back the investment sooner

Technology Package #2 (transmission upgrade) is the second most attractive for GB rail’s 
passenger DMU fleet, with a payback period of 10.9 years for the intercity duty cycle and 12.4 

Technology Package #3 (gas exchange & combustion systems upgrade) is the third most 
attractive for GB rail’s passenger DMU fleet, with a payback period of 13.3 years for the intercity 
duty cycle and 14.8 years for the local duty cycle

Technology Package #4 (addition of a stop/start battery system) does not look at all attractive 
in payback period terms for GB rail’s passenger DMU fleet. The payback period is 25 years for the 
local duty cycle and over 30 years for the intercity duty cycle

Technology Package #5 (new Stage IIIB powertrain system for new passenger DMU rolling 
has a payback period of 18.1 years for the intercity duty cycle and 19.9 years for the local 
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Technology Package #6 – Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small genset

 Technical specification overview

– New stop/start lead-acid battery system; 
Gas exchange system upgrade; New 30kW 
lightweight diesel genset (e.g. for cabin air 
conditioning)

 Cost of development programme

– £3,000,000 (for all 450 Class 66 locos)

 Cost of new equipment

– £100,000

 Cost of new overhaul

– Increase of £5,000
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Existing Freight Locomotive
Idle stop/start, gas exchange system upgrade & small genset

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package 30%
Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%
Fuel Price Inflation 2016 - 2020 5%
Fuel Price Inflation 2020 - 2040 5%
Annual Mileage 110,000
Miles per Litre 0.167
Annual Fuel Usage (litres) 660,000
Annual Fuel Bill £396,000
Development cost £3,000,000
Number of Freight Locomotives to develop 450
One off cost of new equipment £100,000
Annual ongoing cost to deliver fuel saving £0
Inflation 3%
Interest rate on capital loan 8%
Old overhaul cost £20,000
Old overhaul periodicity (miles) 500000
Old overhaul periodicity (years) 4.55
Value of removed equipment £0
New equipment overhaul cost £25,000
New equipment overhaul periodicity (miles) 500,000                   
New equipment overhaul periodicity (years) 4.55
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Technology Package #7 – New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

 Technical specification overview

– Two new Stage IIIB engines (specifically 
designed for new rolling stock)

• 1x ~2000kW & 1x ~560kW

– Engine stop/start systems to enable 
flexibility by allowing three modes of 
operation

 Cost of development programme

– No cost – new powertrain developed

 Cost of new equipment

– £1,000,000

 Cost of new overhaul

– Increase of £10,000
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New Freight Locomotive
New Stage IIIB powertrain system for new rolling stock

 Input data for fuel savings & payback period

Fixed values (each year)

Variable Values
Calculations

Total fuel saving of technology package 35%
Fuel Price (2012) £0.60
Fuel Price Inflation to 2015 5%
Fuel Price Inflation 2016 - 2020 5%
Fuel Price Inflation 2020 - 2040 5%
Annual Mileage 110,000
Miles per Litre 0.167
Annual Fuel Usage (litres) 660,000
Annual Fuel Bill £396,000
Development cost £0
Number of Freight Locomotives to develop 450
One off cost of new equipment £1,000,000
Annual ongoing cost to deliver fuel saving £0
Inflation 3%
Interest rate on capital loan 8%
Old overhaul cost £20,000
Old overhaul periodicity (miles) 500000
Old overhaul periodicity (years) 4.55
Value of removed equipment £0
New equipment overhaul cost £30,000
New equipment overhaul periodicity (miles) 500,000                   
New equipment overhaul periodicity (years) 4.55
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Annual cost savings from fuel savings relative to the 
Class 66 baseline (2012 & 2022 price assumptions) 

 Assuming a fuel price of £0.60/litre, 
compared to the current fleet of 450 
Class 66 freight locomotives:

– TP #6 could save up to £53m per year

– TP #7 could save up to £62m per year

 Assuming a fuel price of £0.98/litre, 
compared to the current fleet of 450 
Class 66 freight locomotives:

– TP #6 could save up to £87m per year

– TP #7 could save up to £102m per 
year

 The annual cost (and fuel) savings are 
far higher for the freight locomotive 
technology packages (applied to the 450 
Class 66 locomotives) than for the DMU 
technology packages (applied to 1591 
passenger DMUs)
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Annual cost savings from fuel savings relative to the 
Class 66 baseline (2012 & 2022 price assumptions) 
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Payback period calculations for freight locomotives show 
that TP #6 is very attractive with payback in under 1 year

 Technology Package #6 (idle 
stop/start, gas exchange system 
upgrade & small genset) is a very 
attractive solution for GB rail’s fleet of 
Class 66 freight locomotives, with a 
payback period of under 1 year

 Technology Package #7 (new Stage 
IIIB powertrain system for new freight 
locomotive rolling stock) has a 
payback period of 8.2 years

– Consideration should be made that 
the additional one-off capital cost of 
the new technology only applies if re-
powering the new rolling stock (as 
has been assumed); if it is fitted to a 
new locomotive it displaces the cost 
of a conventional power package, and 
the payback period would be reduced
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Payback period calculations for freight locomotives show 
that TP #6 is very attractive with payback in under 1 year
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Summary – TP#6 (Freight Locomotive) and TP#1 (DMU) 
have the best payback periods of those considered

 Seven technology packages have been developed following the powertrain technology review and 
stakeholder engagement work to analyse possibilities to improve GB rail’s diesel fuel consumption

– The fuel economy benefits, costs and payback periods for each of the technology packages 
have been estimated using sensible assumptions

– The age of the current fleet means that relatively simple changes to the whole fleet will be most 
beneficial and cost effective

 Passenger DMU payback periods:

– TP #1 (gas exchange system upgrade) is most attractive with a payback period of 3

– TP #2 (transmission upgrade) has a payback period of 10

– TP #3 (gas exchange & combustion systems upgrade) has a payback period of 13

– TP #4 (addition of stop/start battery system) does not pay back until over 25 years

– TP #5 (new Stage IIIB powertrain system for new rolling stock) has a payback period of 18
years (but with different development cost assumptions to retrofit TPs #1

 Freight locomotive payback periods:

– TP #6 (idle stop/start, gas exchange system upgrade & small genset) 
attractive, with a payback period of under 1 year

– TP #7 (new Stage IIIB powertrain system for new rolling stock) has a payback period of 8
years (but with different development cost assumptions to retrofit TP #6)
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TP#6 (Freight Locomotive) and TP#1 (DMU) 
have the best payback periods of those considered

Seven technology packages have been developed following the powertrain technology review and 
stakeholder engagement work to analyse possibilities to improve GB rail’s diesel fuel consumption

The fuel economy benefits, costs and payback periods for each of the technology packages 
have been estimated using sensible assumptions

The age of the current fleet means that relatively simple changes to the whole fleet will be most 

is most attractive with a payback period of 3–5 years

TP #2 (transmission upgrade) has a payback period of 10–13 years

TP #3 (gas exchange & combustion systems upgrade) has a payback period of 13–15 years

TP #4 (addition of stop/start battery system) does not pay back until over 25 years

TP #5 (new Stage IIIB powertrain system for new rolling stock) has a payback period of 18–20 
years (but with different development cost assumptions to retrofit TPs #1-#4)

TP #6 (idle stop/start, gas exchange system upgrade & small genset) looks most 
attractive, with a payback period of under 1 year

TP #7 (new Stage IIIB powertrain system for new rolling stock) has a payback period of 8–9 
years (but with different development cost assumptions to retrofit TP #6)
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Summary – TP#6 (Freight Locomotive) and TP#1 (DMU) 
have the best payback periods of those considered

TP Application
Technical 

Specification 
Overview

Annual Fleet Cost 
Savings at £0.60/litre 

(£million)

#1
Existing passenger 

DMU
Gas exchange system 

upgrade
3.0 (

2.2 

#2
Existing passenger 

DMU
Transmission upgrade

10.0 (
9.5 

#3
Existing passenger 

DMU

Gas exchange & 
combustion systems 

upgrade

7.0 (
5.9 

#4
Existing passenger 

DMU
Addition of a stop/start 

battery system
3.0 (

4.4 

#5
New passenger 

DMU
New Stage IIIB 

powertrain system
34.0 (

30.5 

#6
Existing freight 

locomotive

Idle stop/start, gas 
exchange system 
upgrade & small 

genset

53 (freight)

#7
New freight 
locomotive

New Stage IIIB 
powertrain system

62 (freight)
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TP#6 (Freight Locomotive) and TP#1 (DMU) 
have the best payback periods of those considered

Annual Fleet Cost 
Savings at £0.60/litre 

(£million)

Annual Fleet Cost 
Savings at £0.98/litre 

(£million)

Payback Period    
(years)

3.0 (intercity)           
2.2 (local)

4.9 (intercity)           
3.6 (local)

3.1 (intercity)            
4.3 (local)

10.0 (intercity)          
9.5 (local)

16.3 (intercity)           
15.5 (local)

10.9 (intercity)          
12.4 (local)

7.0 (intercity)            
5.9 (local)

11.4 (intercity)          
9.6 (local)

13.3 (intercity)          
14.8 (local)

3.0 (intercity)            
4.4 (local)

4.9 (intercity)           
7.2 (local)

25 (intercity)           
30+ (local)

34.0 (intercity)           
30.5 (local)

55.4 (intercity)         
49.6 (local)

18.1 (intercity)          
19.9 (local)

53 (freight) 87 (freight) 0.8 (freight)

62 (freight) 102 (freight) 8.2 (freight)
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Summary of key findings from this study (1/7)
Classification of GB rail stock and duty cycles

 Classification of the GB rail diesel rolling stock 
baseline powertrain systems and rail vehicles for comparison of the reviewed technologies

– At a fleet level, the greatest improvements in fuel efficiency can be realised by focussing on the 
powertrain systems of two distinct parts of the GB rail fleet:

• The passenger DMU fleet was classified into three groups based on the engine type. The 
oldest engines in ‘Engine Group 1’ were focussed upon in detail in this study. The 1591 
DMU cars in ‘Engine Group 1’ contribute to 57% of the total passenger DMU mileage and 
55% by quantity

• The freight locomotive fleet baseline is the Class 66 locomotive. Class 66 locomotives 
only form 48% of the fleet by quantity, but contribute to 87% of the annual mileage

 Three duty cycles have been defined on which to base fuel economy benefits of the reviewed 
technologies (Two duty cycles were developed to compare technologies on passenger DMUs and 
one duty cycle was identified to compare technologies for freight locomotives)

– The percentages of time spent in different notch positions were used to allocate a weighting 
factor to three key engine operating points

– By combining the weighting factors and the BSFC values associated to these key points, the 
percentage of fuel used at each of the key points was calculated

– The key point weightings were then used to estimate the potential improvements in fuel 
economy of different technologies
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Summary of key findings from this study (1/7)
Classification of GB rail stock and duty cycles

Classification of the GB rail diesel rolling stock has been performed in order to identify suitable 
baseline powertrain systems and rail vehicles for comparison of the reviewed technologies

At a fleet level, the greatest improvements in fuel efficiency can be realised by focussing on the 
powertrain systems of two distinct parts of the GB rail fleet:

was classified into three groups based on the engine type. The 
oldest engines in ‘Engine Group 1’ were focussed upon in detail in this study. The 1591 
DMU cars in ‘Engine Group 1’ contribute to 57% of the total passenger DMU mileage and 

baseline is the Class 66 locomotive. Class 66 locomotives 
only form 48% of the fleet by quantity, but contribute to 87% of the annual mileage

have been defined on which to base fuel economy benefits of the reviewed 
technologies (Two duty cycles were developed to compare technologies on passenger DMUs and 
one duty cycle was identified to compare technologies for freight locomotives)

The percentages of time spent in different notch positions were used to allocate a weighting 

By combining the weighting factors and the BSFC values associated to these key points, the 
percentage of fuel used at each of the key points was calculated

The key point weightings were then used to estimate the potential improvements in fuel 
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Summary of key findings from this study (2/7)
Classification of GB rail stock and duty cycles

 Intercity duty cycle (for passenger DMUs)

– 61% of the diesel usage is allocated to rated speed

– 36% of the diesel usage is allocated to the intermediate engine speed and load key point

– Only 4% of the diesel usage is allocated to idle

 Local duty cycle (for passenger DMUs)

– 78% of the diesel usage is allocated to rated speed

– 15% of the diesel usage is allocated to the intermediate engine speed and load key point

– Only 7% of the diesel usage is allocated to idle

 Freight duty cycle (for freight locomotives)

– 39% of the diesel usage is allocated to rated speed

– 20% of the diesel usage is allocated to the intermediate engine speed and load key point

– 41% of the diesel usage is allocated to idle
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Summary of key findings from this study (2/7)
Classification of GB rail stock and duty cycles

61% of the diesel usage is allocated to rated speed

36% of the diesel usage is allocated to the intermediate engine speed and load key point

Only 4% of the diesel usage is allocated to idle

78% of the diesel usage is allocated to rated speed

15% of the diesel usage is allocated to the intermediate engine speed and load key point

Only 7% of the diesel usage is allocated to idle

39% of the diesel usage is allocated to rated speed

20% of the diesel usage is allocated to the intermediate engine speed and load key point
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Summary of key findings from this study (3/7)
Comparison of rail vs. non-rail sector technologies

 A comparison of passenger DMU powertrain efficiency 
DMU engine at each of the three key points from the Class 158 is worse than most of the known 
BSFC values for comparable engines from non-rail sectors that are reviewed. If it was possible to 
use the best non-rail sector engine reviewed in the study, then:

– An improvement of up to 7% in fuel efficiency at rated power could be obtained

– An improvement of up to 7% in fuel efficiency at peak torque could be obtained

– An improvement of up to 39% in fuel efficiency at idle could be obtained

 A comparison of freight locomotive powertrain efficiency 
‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 engine are comparable with 
the known BSFC values for the engines with similar peak power from non
reviewed

– No significant improvement in fuel efficiency is possible at high loads if using the non
engines reviewed, although noxious emissions would be greatly reduced

– The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
values for comparable engines from non-rail sectors that are reviewed. An improvement of up 
to 20% in fuel efficiency at idle could be obtained if it was possible to use the best comparable 
non-rail sector engine reviewed in the study
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Summary of key findings from this study (3/7)
rail sector technologies

A comparison of passenger DMU powertrain efficiency found that the BSFC of the baseline 
DMU engine at each of the three key points from the Class 158 is worse than most of the known 

rail sectors that are reviewed. If it was possible to 
rail sector engine reviewed in the study, then:

An improvement of up to 7% in fuel efficiency at rated power could be obtained

An improvement of up to 7% in fuel efficiency at peak torque could be obtained

An improvement of up to 39% in fuel efficiency at idle could be obtained

A comparison of freight locomotive powertrain efficiency found that the ‘rated speed’ and 
‘50% load / 60% rated speed’ BSFC values of the baseline Class 66 engine are comparable with 
the known BSFC values for the engines with similar peak power from non-rail sectors that are 

No significant improvement in fuel efficiency is possible at high loads if using the non-rail sector 
engines reviewed, although noxious emissions would be greatly reduced

The idle BSFC of the baseline Class 66 engine appears to be worse than all the known BSFC 
rail sectors that are reviewed. An improvement of up 

to 20% in fuel efficiency at idle could be obtained if it was possible to use the best comparable 
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Summary of key findings from this study (4/7)
Review of technology transfer opportunities 

 A review of six different types of technology transfer opportunities to improve rail sector 
diesel powertrain efficiency has been provided, which assumes that any improvements to fuel 
consumption will make the emissions no worse:

– 1) Engine enhancements

– 2) Engine parasitic loss reduction

– 3) Waste heat recovery systems

– 4) Transmission & driveline systems 

– 5) Hybrid powertrain systems & energy storage

– 6) Additional considerations to improve efficiency

 A review of three further types of technology that could be applied to the rail sector 
unlikely to improve diesel powertrain efficiency) has also been provided:

– 7) Aftertreatment systems

– 8) Biofuels & alternative fuels 

– 9) Fuel cell systems
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Summary of key findings from this study (4/7)
Review of technology transfer opportunities 

A review of six different types of technology transfer opportunities to improve rail sector 
has been provided, which assumes that any improvements to fuel 

Hybrid powertrain systems & energy storage

Additional considerations to improve efficiency

A review of three further types of technology that could be applied to the rail sector (but are 
unlikely to improve diesel powertrain efficiency) has also been provided:
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Summary of key findings from this study (5/7)
Success achieved to date in the GB rail sector 

 The project has assessed success achieved to date in the GB rail sector 
engagement activity. There are encouraging signs that fuel efficiency is becoming increasingly 
important in the industry, with a growing number of initiatives to improve fuel efficiency as part of 
cost and carbon reduction objectives. The factors contributing to the successful implementation of 
efficiency-improving technologies include:

– High levels of collaboration between industry organisations, especially when delivering 
significant change (e.g. the repowering of the Class 43 fleet)

– A strong business case, with payback periods that work within the constraints of residual 
vehicle life and franchise agreements

– A proven reliability record and predictability of maintenance requirements 
technology

– Low capital costs and proven returns on investment 
interest from the industry in Driver Advisory Systems (DAS)

184© Ricardo plc 2012RD.12/28301.114 March 2012

Summary of key findings from this study (5/7)
Success achieved to date in the GB rail sector 

success achieved to date in the GB rail sector through a stakeholder 
engagement activity. There are encouraging signs that fuel efficiency is becoming increasingly 
important in the industry, with a growing number of initiatives to improve fuel efficiency as part of 
cost and carbon reduction objectives. The factors contributing to the successful implementation of 

between industry organisations, especially when delivering 
significant change (e.g. the repowering of the Class 43 fleet)

, with payback periods that work within the constraints of residual 

predictability of maintenance requirements for the new 

proven returns on investment are attractive as evidenced by the 
interest from the industry in Driver Advisory Systems (DAS)
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Summary of key findings from this study (6/7)
Barriers to adoption of more efficient powertrain systems 

 The barriers to adoption of more efficient diesel powertrain systems 

– Payback period – RoSCos need payback over the remaining life of the vehicle (not 
constrained by franchise periods); TOCs require payback within the franchise period; and FOCs 
may need to demonstrate short payback periods for venture capital investments

– Reliability – Perceived or unknown risk relating to performance and reliability

– Overhaul – Maintenance and overhaul of vehicles is an issue; powertrain modifications can 
change maintenance requirements with associated cost implications.  Approval of overhaul 
organisation is required for most modifications

– Diesel fleet fragmentation – Diversity of DMU vehicle types and low order volumes reduces 
potential for economies of scale and investment in R&D

– Emissions standards – Requirement for new engines to be Stage IIIB compliant is a barrier to 
the procurement of new rolling stock and repowering of existing vehicles

– Resource constraints – Limited industry resources focused on efficiency improvements with 
limited collaboration.  This is particularly acute in the freight sector due to fierce competition

– Loading gauge – Physical constraints on GB rolling stock due to loading gauge and axle load 
requirements

– Fuel measurement – Accurate and precise on vehicle measurement of real time fuel 
consumption required to validate efficiency improvement claims.  Existing fuel measurement 
and monitoring based on dispensed fuel and mileage or modelled from train data
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Summary of key findings from this study (6/7)
Barriers to adoption of more efficient powertrain systems 

The barriers to adoption of more efficient diesel powertrain systems identified include:

RoSCos need payback over the remaining life of the vehicle (not 
constrained by franchise periods); TOCs require payback within the franchise period; and FOCs 
may need to demonstrate short payback periods for venture capital investments

Perceived or unknown risk relating to performance and reliability

Maintenance and overhaul of vehicles is an issue; powertrain modifications can 
change maintenance requirements with associated cost implications.  Approval of overhaul 
organisation is required for most modifications

Diversity of DMU vehicle types and low order volumes reduces 
potential for economies of scale and investment in R&D

Requirement for new engines to be Stage IIIB compliant is a barrier to 
the procurement of new rolling stock and repowering of existing vehicles

Limited industry resources focused on efficiency improvements with 
limited collaboration.  This is particularly acute in the freight sector due to fierce competition

Physical constraints on GB rolling stock due to loading gauge and axle load 

Accurate and precise on vehicle measurement of real time fuel 
consumption required to validate efficiency improvement claims.  Existing fuel measurement 
and monitoring based on dispensed fuel and mileage or modelled from train data
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Summary of key findings from this study (7/7)
Recommendations and next steps

 The following recommendations are made in order to improve the efficiency of GB rail’s diesel 
rolling stock that focus on the actions that could be considered to remove barriers, incentivise the 
industry and expedite the implementation of technologies that are at a high technology readiness 
level:

– Further engagement and dissemination of this study across the GB rail industry

– Increase the length of the franchise periods in the industry (already happening)

– Provide greater clarity on the application of EU emissions legislation to modified and 
replacement engines

– Review emissions regulations in a functional unit perspective

– Provide incentives for more partnerships

– Increase order sizes for rolling stock in the future

– Remove penalties and barriers to testing

186© Ricardo plc 2012RD.12/28301.114 March 2012

Summary of key findings from this study (7/7)

are made in order to improve the efficiency of GB rail’s diesel 
rolling stock that focus on the actions that could be considered to remove barriers, incentivise the 
industry and expedite the implementation of technologies that are at a high technology readiness 

Further engagement and dissemination of this study across the GB rail industry

Increase the length of the franchise periods in the industry (already happening)

Provide greater clarity on the application of EU emissions legislation to modified and 

Review emissions regulations in a functional unit perspective

Increase order sizes for rolling stock in the future



Q57475 Unrestricted

See Word-style document for full details of the study

Overall Summary – To improve GB rail diesel powertrain 
efficiency the GB rail industry must work together

 Key Conclusion from Technical Developments

– Technically viable solutions exist to improve rail diesel powertrain efficiency

• The age and size of the current GB fleet means that smaller changes applied to most of the 
fleet will be more beneficial than large changes made to only a small proportion of the fleet

• The FE benefits and technology readiness levels of many non
been suggested for application to GB rail rolling stock to improve powertrain efficiency

• A number of technology packages have been suggested that could be applied to existing 
and new rolling stock to improve GB fleet diesel fuel consumption as a whole

 Key Conclusion from Stakeholder Engagement

– GB rail stakeholders are in agreement that improvements in efficiency are required

• Technologies with low capital costs, proven benefits and short payback periods are currently 
prioritised by operators, who have limited resources to improve fuel efficiency

 Key Overall Recommendation

– By working together, the GB rail industry can improve the commercial viability of more 
fuel efficient technologies and implement better long

• Payback periods can be reduced by joining forces and applying improvements across as 
much of the fleet as possible
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Key Conclusion from Technical Developments

Technically viable solutions exist to improve rail diesel powertrain efficiency

The age and size of the current GB fleet means that smaller changes applied to most of the 
fleet will be more beneficial than large changes made to only a small proportion of the fleet

The FE benefits and technology readiness levels of many non-rail sector technologies have 
been suggested for application to GB rail rolling stock to improve powertrain efficiency

A number of technology packages have been suggested that could be applied to existing 
and new rolling stock to improve GB fleet diesel fuel consumption as a whole

Key Conclusion from Stakeholder Engagement

GB rail stakeholders are in agreement that improvements in efficiency are required

Technologies with low capital costs, proven benefits and short payback periods are currently 
prioritised by operators, who have limited resources to improve fuel efficiency

By working together, the GB rail industry can improve the commercial viability of more 
fuel efficient technologies and implement better long-term solutions

Payback periods can be reduced by joining forces and applying improvements across as 
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Appendix 1A – Ricardo 
Company overview and contact details

 Ricardo is a leading independent technology provider and strategic consultant to the world’s 
transportation sector and clean energy industries

 A public company, Ricardo plc had revenues of £163 million in financial year 2010 and is a 
constituent of the FTSE techMark 100 index

 Ricardo employs more than 1500 people in offices in the UK, USA, Germany, Czech Republic, 
India and China

 Ricardo has global cross–industry expertise in powertrain technology, so has the capability to 
transfer solutions to the rail sector from other markets including on and off
power generation, defence and marine

 For further information please contact Jim Buchanan, Head of Rail Vehicle Technology

• Email: jim.buchanan@ricardo.com

• Direct Dial: +44 (0)1926 477205

• Website: www.ricardo.com
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Appendix 1B – TRL
Company overview and contact details

 TRL is a research and consultancy organisation specialising in the transport sector. Sustainable 
transport and the implications of transport for sustainable development are at the heart of our 
business 

 TRL is a non–profit distributing organisation and constitutes one of the largest and most 
comprehensive independent centres working in land transport in the world

 TRL has worked with a range of clients to develop evidence
better understanding of transport issues

 TRL’s evidence and reports are frequently cited, used in policy making and as the basis for 
decisions in both public and private sectors

 For further information please contact Vijay Ramdas, Head of Rail, Infrastructure Division

• Email: vramdas@trl.co.uk

• Direct Dial: +44 (0)1344 770461

• Website: www.trl.co.uk
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Vijay Ramdas, Head of Rail, Infrastructure Division

http://www.trl.co.uk/
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Appendix 2 – Glossary of Terms (A to H)

 AC – Alternating Current

 AECC – Association for Emissions Control by Catalyst

 AFR – Air Fuel Ratio

 AMT – Automated Manual Transmission

 APU – Auxiliary Power Unit

 ASS – Automatic Stop Start

 AT – Automatic Transmission

 BSFC – Brake Specific Fuel Consumption

 BTL – Biomass to Liquid

 CAE – Computer Aided Engineering

 CNG – Compressed Natural Gas

 CO2 – Carbon Dioxide

 CR – Common Rail Fuel Injection

 CVT – Continuously Variable Transmission

 DAS – Driver Advisory System

 DC – Direct Current

 DCT – Dual Clutch Transmission

 DOC – Diesel Oxidation Catalyst

 DOHC – Dual Overhead Camshaft

 DPF – Diesel Particulate Filter

 DMU – Diesel Multiple Unit

 EFI – Electronic Fuel Injection

 EGR – Exhaust Gas Recirculation

 EPA – Environmental Protection Agency
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Glossary of Terms (A to H)

 ESC – European Stationary Cycle

 ETC – European Transient Cycle

 EU – European Union

 EUI – Electronic Unit Injector

 EV – Electrical Vehicle

 EWS – English, Welsh and Scottish Railway

 FAME – Fatty Acid Methyl Ester

 FC – Fuel Cell

 FE – Fuel Economy

 FIE – Fuel Injection Equipment

 FOC – Freight Operating Company

 GB – Great Britain

 GHG – Greenhouse Gas

 GPS – Global Positioning System

 GTL – Gas to Liquid

 GVW – Gross Vehicle Weight

 H2 – Hydrogen 

 HC – Hydro-Carbon

 HD/HDV – Heavy Duty Vehicle

 HDD – Heavy Duty Diesel

 HP – High Pressure

 HPI – High Pressure Injection (Cummins Fuel System)

 HVAC – Heating, Ventilation and Air Conditioning

 HVO – Hydrogenated Vegetable Oil
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Appendix 2 – Glossary of Terms (I to Z)

 ICE – Internal Combustion Engine

 IMO – International Maritime Organization

 IVT – Infinitely Variable Transmission

 LCV – Light Commercial Vehicle

 LDD – Light Duty Diesel

 LNT – Lean NOx Trap

 MDV – Medium Duty Vehicle

 MDD – Medium Duty Diesel

 MFI – Multipoint Fuel Injection

 MT – Manual Transmission

 MUTC – Multiple Unit Throttle Control 

 NA – Naturally Aspirated

 N/A – Not Applicable

 NEDC – New European Drive Cycle

 NHTSA – National Highway Traffic Safety Administration 

 NiMH – Nickel Metal Hydride

 NRMM – Non-Road Mobile Machinery

 NRSC – Non-Road Stationary Cycle

 NSTC – Non-Road Transient Cycle

 NOx – Oxides of Nitrogen

 OBD – On Board Diagnostics

 OEM – Original Equipment Manufacturer

 ORR – Office of Rail Regulation

 OTMR – On-Train Monitoring Recorder 

192© Ricardo plc 2012RD.12/28301.114 March 2012

 PEM – Polymer Electrolyte Membrane

 PM – Particulate Matter

 PT – Pressure/Time (Cummins fuel system)

 RSSB – Rail Safety and Standards Board

 R&D – Research and Development

 RoSCo – Rolling Stock Leasing Company

 SAE – Society of Automotive Engineers

 SCR – Selective Catalytic Reduction

 SMR – Steam Methane Reforming

 SOHC – Single Overhead Camshaft

 SWOT – Strengths, Weaknesses, Opportunities, Threats

 TMS – Train Management System

 TOC – Train Operating Company

 TPE – Trans-Pennine Express

 TRL – Technology Readiness Level

 TVCS – Twin Vortex Combustion System

 TWC – Three-Way Catalyst 

 UIC – International Union of Railways

 v/c – Valves per Cylinder

 VVT – Variable Valve Timing

 WHR – Waste Heat Recovery

 XPI – Cummins XPI Fuel System
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