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d

Energy density
The table shows typical 
values for energy storage 
systems.

Although lead-acid batteries 
do not provide the greatest 
energy density they are 
commonly used in motor 
cars to drive the starter 
motors. They are relatively 
inexpensive but are not 
suitable for deep discharge. 
Nickel-metal hydride (NiMH) batteries have fairly average energy density 
– 0.2 MJ/kg – and can be discharged more fully. If such batteries made 
up 10% of the mass of a 200-tonne train they could store 4000 MJ of 
recoverable energy. This amount of energy would be sufficient to:

• keep a the train moving at 80 km/h for about 30 minutes 
• accelerate the train to from rest to 80 km/h maybe 30 times.

A DART ‘motor car’ uses about 2.8 kWh (≈10 MJ) per kilometre so 4000 
MJ would be sufficient to power a four-car DART train with two motor 
units (≈20 MJ) for about 200 km.

Electric locomotive vs. diesel electric
Fully electric locomotives have some advantages:

• they are lighter (no diesel engine or fuel) and so require less energy 
to accelerate 

• pollution is less because large electricity generating facilities 
incorporate elaborate pollution control. 

Their main disadvantage is that they require more infrastructure – 
overhead power lines and more generating capacity. They are also 
immobilised in the event of a power failure. 

Diesel Multiple Unit 
In a Diesel Multiple Unit (DMU) each carriage has its own diesel-electric 
power plant delivering about 500 kW. This provides the motive power as 
well as the on-board facilities (light, heat, hot water etc.). A driver cabin 
may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 

Where does the energy go?
For a vehicle travelling at a steady speed on a smooth level surface the 
main energy drains are air resistance and friction in wheel bearings. We 
can reduce friction in the bearings but we cannot completely remove it; 
even with the best ball bearings and lubrication about 3% of the energy 
is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
streamlining but again we cannot remove it completely. Bearing 
resistance is proportional to the speed but air resistance (drag) is 
proportional to the square of the speed.

Significant amount of energy is used in accelerating; for cars in city 
traffic this may amount to 50% of the fuel use. Considerable gains might 
be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
regenerative braking.

Regenerative braking
Regenerative braking is the conversion of the energy of a moving vehicle 
into some stored form – most commonly in a battery or in a flywheel. 
Brakes are still required as a back-up but also because regenerative 
braking is much less effective at low speeds and may in fact be useless 
if the batteries are already fully charged. 

In the case of electric trains the motors that are used for propulsion can 
act as generators and in the process they produce a braking effect. 
Regenerative brake power is about the same as the motive power; this is 
another reason why additional brakes are required, especially for 
unanticipated stops. The electricity generated in this way can be fed 
back to the overhead lines for use by other trains on the system. This is 
particularly   in the case of commuter trains because they spend much 
time either accelerating or decelerating. Alternatively the recovered 
energy might be ‘stored’ in a flywheel or a battery. Each of these adds 
further weight.

The rising cost of fuel is driving public awareness of the need 
to use fuel in a more efficient and environmentally sensitive 
way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
availability and frequency of public transport – in practice, 
bus, tram and train. The cost per person-kilometre is lower 
for trains than for any other form of powered transport.

Energy sources
• Energy sources can be categorised as follows:
• Fossil fuel such as coal, oil or gas (combustion engine or  

electricity generation)
• Renewable fuel (wood or other organic material)
• Nuclear power (for heating and electricity generation)
• Geothermal (for heating and electricity generation)
• Photovoltaic (low power electricity generation)
• Fuel cells (electrolysis <=> electricity generation)
• Solar heating (mainly for heating water)
• Wind and tide (mainly for electricity generation)
• Electricity (which can be generated using other energy sources 

mentioned above or by hydro-electric generators, photo-voltaic cells 
or thermoelectric generators)

Energy storage
Energy can be in effect ‘stored’ by conversion to other forms. Practical 
types of storage include:

• Electrical (using a rechargeable battery)
• Mechanical (in a flywheel)
• Chemical (electrolysis of water to generate hydrogen for fuel cells or 

combustion)
• Hydroelectric (pumped water storage – for large scale systems) 

Photovoltaic cells
In practice the energy sources for vehicular transport are combustible 
fuel or electricity from photovoltaic cells or from batteries. Photovoltaic 
cells on their own are not feasible for transport; they are typically used in 
conjunction with batteries and combustion engines. 

The average daytime solar energy at the surface of the Earth is 683 W; 
the maximum (with the Sun vertically overhead) is twice that value or 
1366 W. In Ireland the maximum available solar energy per day is about 
0.5 kW h/m2 in winter and 4.5 kW h/m2 in summer, although this varies 
considerably from place to place. The efficiency of photovoltaic cells is 
currently 25% at best and the process of charging and discharging 
batteries would lose 10%–20% of this. So the actual recoverable energy 
would be between 100 Wh and 1 kWh per day.

Energy per person-kilometre
The energy per person-kilometre for various forms of transport is shown 
in the table.

The figures are approximate; vehicles that are full are obviously more 
efficient than those that are not. (To convert to grams of CO2 per person-
km multiply the numbers in the table by 70.) 

Fig. 2 Intercity Diesel Multiple Unit

Fig. 4 A.C. electric motor underneath a DART locomotive

Fig. 5 Irish Rail Intercity train

Fig. 1 Approximate energy (MJ) per person-kilometre
Iarnród Éireann (IÉ), a subsidiary company of a state owned 
company, Coras Iompair Éireann (CIÉ), and is responsible for 
operating rail services in Ireland. Iarnród Éireann falls under the 
Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie
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railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie
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Energy density
The table shows typical 
values for energy storage 
systems.

Although lead-acid batteries 
do not provide the greatest 
energy density they are 
commonly used in motor 
cars to drive the starter 
motors. They are relatively 
inexpensive but are not 
suitable for deep discharge. 
Nickel-metal hydride (NiMH) batteries have fairly average energy density 
– 0.2 MJ/kg – and can be discharged more fully. If such batteries made 
up 10% of the mass of a 200-tonne train they could store 4000 MJ of 
recoverable energy. This amount of energy would be sufficient to:

• keep a the train moving at 80 km/h for about 30 minutes 
• accelerate the train to from rest to 80 km/h maybe 30 times.

A DART ‘motor car’ uses about 2.8 kWh (≈10 MJ) per kilometre so 4000 
MJ would be sufficient to power a four-car DART train with two motor 
units (≈20 MJ) for about 200 km.

Electric locomotive vs. diesel electric
Fully electric locomotives have some advantages:

• they are lighter (no diesel engine or fuel) and so require less energy 
to accelerate 

• pollution is less because large electricity generating facilities 
incorporate elaborate pollution control. 

Their main disadvantage is that they require more infrastructure – 
overhead power lines and more generating capacity. They are also 
immobilised in the event of a power failure. 

Diesel Multiple Unit 
In a Diesel Multiple Unit (DMU) each carriage has its own diesel-electric 
power plant delivering about 500 kW. This provides the motive power as 
well as the on-board facilities (light, heat, hot water etc.). A driver cabin 
may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 

Where does the energy go?
For a vehicle travelling at a steady speed on a smooth level surface the 
main energy drains are air resistance and friction in wheel bearings. We 
can reduce friction in the bearings but we cannot completely remove it; 
even with the best ball bearings and lubrication about 3% of the energy 
is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
streamlining but again we cannot remove it completely. Bearing 
resistance is proportional to the speed but air resistance (drag) is 
proportional to the square of the speed.

Significant amount of energy is used in accelerating; for cars in city 
traffic this may amount to 50% of the fuel use. Considerable gains might 
be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
regenerative braking.

Regenerative braking
Regenerative braking is the conversion of the energy of a moving vehicle 
into some stored form – most commonly in a battery or in a flywheel. 
Brakes are still required as a back-up but also because regenerative 
braking is much less effective at low speeds and may in fact be useless 
if the batteries are already fully charged. 

In the case of electric trains the motors that are used for propulsion can 
act as generators and in the process they produce a braking effect. 
Regenerative brake power is about the same as the motive power; this is 
another reason why additional brakes are required, especially for 
unanticipated stops. The electricity generated in this way can be fed 
back to the overhead lines for use by other trains on the system. This is 
particularly   in the case of commuter trains because they spend much 
time either accelerating or decelerating. Alternatively the recovered 
energy might be ‘stored’ in a flywheel or a battery. Each of these adds 
further weight.

The rising cost of fuel is driving public awareness of the need 
to use fuel in a more efficient and environmentally sensitive 
way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
availability and frequency of public transport – in practice, 
bus, tram and train. The cost per person-kilometre is lower 
for trains than for any other form of powered transport.

Energy sources
• Energy sources can be categorised as follows:
• Fossil fuel such as coal, oil or gas (combustion engine or  

electricity generation)
• Renewable fuel (wood or other organic material)
• Nuclear power (for heating and electricity generation)
• Geothermal (for heating and electricity generation)
• Photovoltaic (low power electricity generation)
• Fuel cells (electrolysis <=> electricity generation)
• Solar heating (mainly for heating water)
• Wind and tide (mainly for electricity generation)
• Electricity (which can be generated using other energy sources 

mentioned above or by hydro-electric generators, photo-voltaic cells 
or thermoelectric generators)

Energy storage
Energy can be in effect ‘stored’ by conversion to other forms. Practical 
types of storage include:

• Electrical (using a rechargeable battery)
• Mechanical (in a flywheel)
• Chemical (electrolysis of water to generate hydrogen for fuel cells or 

combustion)
• Hydroelectric (pumped water storage – for large scale systems) 

Photovoltaic cells
In practice the energy sources for vehicular transport are combustible 
fuel or electricity from photovoltaic cells or from batteries. Photovoltaic 
cells on their own are not feasible for transport; they are typically used in 
conjunction with batteries and combustion engines. 

The average daytime solar energy at the surface of the Earth is 683 W; 
the maximum (with the Sun vertically overhead) is twice that value or 
1366 W. In Ireland the maximum available solar energy per day is about 
0.5 kW h/m2 in winter and 4.5 kW h/m2 in summer, although this varies 
considerably from place to place. The efficiency of photovoltaic cells is 
currently 25% at best and the process of charging and discharging 
batteries would lose 10%–20% of this. So the actual recoverable energy 
would be between 100 Wh and 1 kWh per day.

Energy per person-kilometre
The energy per person-kilometre for various forms of transport is shown 
in the table.

The figures are approximate; vehicles that are full are obviously more 
efficient than those that are not. (To convert to grams of CO2 per person-
km multiply the numbers in the table by 70.) 

Fig. 2 Intercity Diesel Multiple Unit

Fig. 4 A.C. electric motor underneath a DART locomotive

Fig. 5 Irish Rail Intercity train

Fig. 1 Approximate energy (MJ) per person-kilometre
Iarnród Éireann (IÉ), a subsidiary company of a state owned 
company, Coras Iompair Éireann (CIÉ), and is responsible for 
operating rail services in Ireland. Iarnród Éireann falls under the 
Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie
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power plant delivering about 500 kW. This provides the motive power as 
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may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 
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is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
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be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
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braking is much less effective at low speeds and may in fact be useless 
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another reason why additional brakes are required, especially for 
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back to the overhead lines for use by other trains on the system. This is 
particularly   in the case of commuter trains because they spend much 
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way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
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From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
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increases in passenger numbers; it carried 45.5 million 
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in the history of Irish railways, to improve the service to 
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• accelerate the train to from rest to 80 km/h maybe 30 times.

A DART ‘motor car’ uses about 2.8 kWh (≈10 MJ) per kilometre so 4000 
MJ would be sufficient to power a four-car DART train with two motor 
units (≈20 MJ) for about 200 km.

Electric locomotive vs. diesel electric
Fully electric locomotives have some advantages:

• they are lighter (no diesel engine or fuel) and so require less energy 
to accelerate 

• pollution is less because large electricity generating facilities 
incorporate elaborate pollution control. 

Their main disadvantage is that they require more infrastructure – 
overhead power lines and more generating capacity. They are also 
immobilised in the event of a power failure. 

Diesel Multiple Unit 
In a Diesel Multiple Unit (DMU) each carriage has its own diesel-electric 
power plant delivering about 500 kW. This provides the motive power as 
well as the on-board facilities (light, heat, hot water etc.). A driver cabin 
may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 

Where does the energy go?
For a vehicle travelling at a steady speed on a smooth level surface the 
main energy drains are air resistance and friction in wheel bearings. We 
can reduce friction in the bearings but we cannot completely remove it; 
even with the best ball bearings and lubrication about 3% of the energy 
is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
streamlining but again we cannot remove it completely. Bearing 
resistance is proportional to the speed but air resistance (drag) is 
proportional to the square of the speed.

Significant amount of energy is used in accelerating; for cars in city 
traffic this may amount to 50% of the fuel use. Considerable gains might 
be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
regenerative braking.

Regenerative braking
Regenerative braking is the conversion of the energy of a moving vehicle 
into some stored form – most commonly in a battery or in a flywheel. 
Brakes are still required as a back-up but also because regenerative 
braking is much less effective at low speeds and may in fact be useless 
if the batteries are already fully charged. 

In the case of electric trains the motors that are used for propulsion can 
act as generators and in the process they produce a braking effect. 
Regenerative brake power is about the same as the motive power; this is 
another reason why additional brakes are required, especially for 
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time either accelerating or decelerating. Alternatively the recovered 
energy might be ‘stored’ in a flywheel or a battery. Each of these adds 
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The rising cost of fuel is driving public awareness of the need 
to use fuel in a more efficient and environmentally sensitive 
way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
availability and frequency of public transport – in practice, 
bus, tram and train. The cost per person-kilometre is lower 
for trains than for any other form of powered transport.
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• Photovoltaic (low power electricity generation)
• Fuel cells (electrolysis <=> electricity generation)
• Solar heating (mainly for heating water)
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fuel or electricity from photovoltaic cells or from batteries. Photovoltaic 
cells on their own are not feasible for transport; they are typically used in 
conjunction with batteries and combustion engines. 

The average daytime solar energy at the surface of the Earth is 683 W; 
the maximum (with the Sun vertically overhead) is twice that value or 
1366 W. In Ireland the maximum available solar energy per day is about 
0.5 kW h/m2 in winter and 4.5 kW h/m2 in summer, although this varies 
considerably from place to place. The efficiency of photovoltaic cells is 
currently 25% at best and the process of charging and discharging 
batteries would lose 10%–20% of this. So the actual recoverable energy 
would be between 100 Wh and 1 kWh per day.
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Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
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efficient than those that are not. (To convert to grams of CO2 per person-
km multiply the numbers in the table by 70.) 

Fig. 2 Intercity Diesel Multiple Unit

Fig. 4 A.C. electric motor underneath a DART locomotive

Fig. 5 Irish Rail Intercity train

Fig. 1 Approximate energy (MJ) per person-kilometre
Iarnród Éireann (IÉ), a subsidiary company of a state owned 
company, Coras Iompair Éireann (CIÉ), and is responsible for 
operating rail services in Ireland. Iarnród Éireann falls under the 
Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie
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• In 1932, the Drumm Battery Train was the first electrical train in 
Ireland. Dr James Drumm who invented a battery to operate the train 
also engineered a successful system of regenerative braking. This 
was well ahead of its time and is only now being introduced  in some  
European rail systems.

• The French TGV (train a grande vitesse), which reaches 584 km/h, 
takes 16 km to stop when the brakes are fully applied.

True/False Questions

a) The cost per person-kilometre is lower for trains than for    
any other form of transport T F

b) Photovoltaic cells can generate high power electricity T F

c) It is more efficient in terms of energy to travel by electric    
train than by diesel train T F

d) Lubrication can remove friction in wheel bearings T F

e) Regenerative braking would be cost effective in the Dublin to 
Waterford railway line T F

f) As Electric trains are light; they are more cost efficient T F

g) DMU allows extra passenger capacity to be added at the  
same time as motive power T F 

Examination questions

Leaving Certificate Physics, 2002 Ordinary Level.
5.  b)  A car of mass 800 kg is travelling at 10 m s-1. What is its  

kinetic energy?

12. c)   Describe an experiment to demonstrate that a capacitor can 
store energy.

Leaving Certificate Physics, 2005 Higher Level. Q. 11
(i)  List three factors that affect the force on a current-carrying 

conductor placed near a magnet.

(ii)  What energy transformation takes place in an electric motor?

(iii)  What is the function of a commutator in a dc motor?

(iv)  Draw a sketch of the output voltage from an ac generator.

(v)  How are the slip rings connected to an external circuit in an ac 
generator?

Syllabus References

The Leaving Certificate Physics syllabus calls for treatment of the 
following topics.

• Equations of motion. Newton’s laws of motion (p. )

• Energy, work, power, efficiency 

• Electricity and magnetism: current, voltage, power; mains 
electricity; motor and generator… 

Forces, work, power and energy are also integral to the Junior 
Certificate Science syllabus. 

Similarly, these topics are central components in the Design, Structures 
and Mechanisms sections of the new Leaving Certificate Technology 
syllabus.

All current syllabi are also concerned with the Science and Technology 
in Society (STS) agenda, to which the Irish Rail lesson is highly 
relevant.

Learning Outcomes

On completing this section the student will be able to: 
• Appreciate the need for fuel efficiency

• List the different types of energy storage

• Appreciate that light can be used to generate electrical energy

• Understand how energy is lost during train journeys

• Recognise the practicality of regenerative braking, energy capture 
and storage

• Identify the benefits and shortcomings of different types of rail 
transport e.g. by electric locomotive, diesel electric or diesel 
multiple unit.

• Regenerative braking is a method that reduces vehicle speed by 
converting kinetic energy to another form of energy; this energy can 
then be stored for future use. 

• Energy storage from regenerative braking is complicated as large 
onboard batteries add weight to the train.

• Battery storage values show that nickel hydride batteries (average 
density 0.2 MJ/kg) may be the most efficient to use to store energy 
on trains as it provides a high input/ output to weight ratio.

• Electric trains are advantageous compared to traditional diesel 
electrical trains as they reduce pollution and are light-weight; 
however they require a complex railway system. 

• DMU trains are multiple unit trains that carry a diesel engine in each 
carriage; they are currently replacing older single-engine 
locomotives.

Student Activities

Mandatory Physics Experiment: Mechanics 1

Measurement of velocity and acceleration
For this experiment you will need a ticker-tape timer, a power supply, 
connecting leads, ticker tape and a metre stick.

Velocity
To measure velocity, set up the apparatus and connect to an appropriate 
power supply. 

Pass 1 m of tape through the timer and then start the timer. 

Pull the tape through the timer at a constant velocity and then switch 
the timer off. 

Mark off the dots in ‘five space’ lengths and measure each of these. 

If the dots are equal distances apart then the velocity was constant. 

If the velocity was not constant calculate the average of the values. 

Calculate the average velocity at which the tape was being pulled. 

Acceleration
Repeat the procedure, but instead of pulling the tape at constant 
velocity, pull it with increasing velocity. 

Calculate the velocity (m/s) at chosen points (near the start, u, and near 
the end, v). 

Measure the distance over which the increase in velocity took place 
(i.e., the distance between the mid-point at which u was calculated and 
the mid-point at which v was calculated). 

Determine the acceleration using:

v²=u²+2as

Did You Know?

• The earliest evidence of a railway is the Diolkos wagonway in 
Greece. It dates form around 600 BC and it appears that wheeled 
vehicles were pulled along it on limestone tracks.

• The first railway in Ireland was the Dublin to Dún Laoghaire line that 
was built by William Dargan in 1834.

• In 1920, rail transportation peaked in Ireland and there were 5,500 
km of railway. Today it is less than half that amount. 

• The first three railways in Ireland all had different gauges. It was 
later standardised to 1.6 m. Other countries that use this gauge 
include Brazil and Australia (in the states of Victoria and NSW). The 
rest of the world uses a standard gauge of 1.47 m. 

General Learning Points

• The need for a fuel efficient and environmentally friendly method of 
transportation is apparent.

• Rail travel is the most cost-effective form of motorised public 
transportation.

• Power sources for trains vary from fossil fuel to electric.

• Generated energy can be stored by converting it from one form to 
another, for example, electrical storage using rechargeable 
batteries, mechanical storage using a flywheel, chemical storage 
by the electrolysis of water to generate hydrogen gas for combustion 
or hydroelectric storage using water pumps.

• One environmentally friendly method of generating electricity for 
rail transportation is to use photovoltaic cells that are used synergy 
with batteries or combustible engines.

• Drag and friction both contribute to the wasteful loss of energy during 
rail transportation. Energy losses can be reduced by lubrication and 
streamlining, but neither effect can be completely removed. 

Biographical Notes

Thomas Savory (1650-1715)
Savoy, an English scientist, was credited with inventing the steam 
engine in 1696. It only had limited lift height and was prone to boiler 
explosions but it still had some use in mines and pumping stations.

William Dargan (1799-1867)
William Dargan, an engineer from Co Laois, 
is regarded as the father of Irish railways. 

From an early age he showed a talent for 
mathematics. He was educated in England 
and then worked in a surveyor’s office.

He worked with George Stephenson on his 
‘Rocket’ – the first public service steam-
powered railway engine in the world

Dargan constructed Ireland’s first railway 
from Dublin to Dún Laoghaire in 1834.

He also constructed over 1200 km of 
railway throughout Ireland as well as the 
Ulster Canal, which links Lough Erne with 
Belfast.

Isambard Kingdom Brunel (1806-1859)
Isambard Kingdom Brunel, a British engineer, is famous for designing 
the Great Western Railway which linked London to Bristol. He 
constructed 25 km of railway line between Bray and Wicklow. It was 
said that Bray Head could not be conquered so Brunel saw this as a 
challenge. He bridged a wide ravine with a wooden viaduct 90 m long 
and 22 m high but before it was finished it was destroyed by the sea one 
night and a replacement had to be built. The line has since been 
changed on four occasions because of erosion by the sea.

William Dargan

Revise the Terms

Can you recall the meaning of the following terms? Reviewing the 

terminology is a powerful aid for recall and retention. 

Accelerating, battery, bearings, congestion, conversion, diesel multiple 
unit, efficient, electrolysis, flywheel, geothermal, hydride, immobilised, 
infrastructure, locomotive, lubrication, photovoltaic, propulsion, 
regenerative, renewable, solar energy, streamlining, thermoelectric.
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Energy density
The table shows typical 
values for energy storage 
systems.

Although lead-acid batteries 
do not provide the greatest 
energy density they are 
commonly used in motor 
cars to drive the starter 
motors. They are relatively 
inexpensive but are not 
suitable for deep discharge. 
Nickel-metal hydride (NiMH) batteries have fairly average energy density 
– 0.2 MJ/kg – and can be discharged more fully. If such batteries made 
up 10% of the mass of a 200-tonne train they could store 4000 MJ of 
recoverable energy. This amount of energy would be sufficient to:

• keep a the train moving at 80 km/h for about 30 minutes 
• accelerate the train to from rest to 80 km/h maybe 30 times.

A DART ‘motor car’ uses about 2.8 kWh (≈10 MJ) per kilometre so 4000 
MJ would be sufficient to power a four-car DART train with two motor 
units (≈20 MJ) for about 200 km.

Electric locomotive vs. diesel electric
Fully electric locomotives have some advantages:

• they are lighter (no diesel engine or fuel) and so require less energy 
to accelerate 

• pollution is less because large electricity generating facilities 
incorporate elaborate pollution control. 

Their main disadvantage is that they require more infrastructure – 
overhead power lines and more generating capacity. They are also 
immobilised in the event of a power failure. 

Diesel Multiple Unit 
In a Diesel Multiple Unit (DMU) each carriage has its own diesel-electric 
power plant delivering about 500 kW. This provides the motive power as 
well as the on-board facilities (light, heat, hot water etc.). A driver cabin 
may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 

Where does the energy go?
For a vehicle travelling at a steady speed on a smooth level surface the 
main energy drains are air resistance and friction in wheel bearings. We 
can reduce friction in the bearings but we cannot completely remove it; 
even with the best ball bearings and lubrication about 3% of the energy 
is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
streamlining but again we cannot remove it completely. Bearing 
resistance is proportional to the speed but air resistance (drag) is 
proportional to the square of the speed.

Significant amount of energy is used in accelerating; for cars in city 
traffic this may amount to 50% of the fuel use. Considerable gains might 
be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
regenerative braking.

Regenerative braking
Regenerative braking is the conversion of the energy of a moving vehicle 
into some stored form – most commonly in a battery or in a flywheel. 
Brakes are still required as a back-up but also because regenerative 
braking is much less effective at low speeds and may in fact be useless 
if the batteries are already fully charged. 

In the case of electric trains the motors that are used for propulsion can 
act as generators and in the process they produce a braking effect. 
Regenerative brake power is about the same as the motive power; this is 
another reason why additional brakes are required, especially for 
unanticipated stops. The electricity generated in this way can be fed 
back to the overhead lines for use by other trains on the system. This is 
particularly   in the case of commuter trains because they spend much 
time either accelerating or decelerating. Alternatively the recovered 
energy might be ‘stored’ in a flywheel or a battery. Each of these adds 
further weight.

The rising cost of fuel is driving public awareness of the need 
to use fuel in a more efficient and environmentally sensitive 
way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
availability and frequency of public transport – in practice, 
bus, tram and train. The cost per person-kilometre is lower 
for trains than for any other form of powered transport.

Energy sources
• Energy sources can be categorised as follows:
• Fossil fuel such as coal, oil or gas (combustion engine or  

electricity generation)
• Renewable fuel (wood or other organic material)
• Nuclear power (for heating and electricity generation)
• Geothermal (for heating and electricity generation)
• Photovoltaic (low power electricity generation)
• Fuel cells (electrolysis <=> electricity generation)
• Solar heating (mainly for heating water)
• Wind and tide (mainly for electricity generation)
• Electricity (which can be generated using other energy sources 

mentioned above or by hydro-electric generators, photo-voltaic cells 
or thermoelectric generators)

Energy storage
Energy can be in effect ‘stored’ by conversion to other forms. Practical 
types of storage include:

• Electrical (using a rechargeable battery)
• Mechanical (in a flywheel)
• Chemical (electrolysis of water to generate hydrogen for fuel cells or 

combustion)
• Hydroelectric (pumped water storage – for large scale systems) 

Photovoltaic cells
In practice the energy sources for vehicular transport are combustible 
fuel or electricity from photovoltaic cells or from batteries. Photovoltaic 
cells on their own are not feasible for transport; they are typically used in 
conjunction with batteries and combustion engines. 

The average daytime solar energy at the surface of the Earth is 683 W; 
the maximum (with the Sun vertically overhead) is twice that value or 
1366 W. In Ireland the maximum available solar energy per day is about 
0.5 kW h/m2 in winter and 4.5 kW h/m2 in summer, although this varies 
considerably from place to place. The efficiency of photovoltaic cells is 
currently 25% at best and the process of charging and discharging 
batteries would lose 10%–20% of this. So the actual recoverable energy 
would be between 100 Wh and 1 kWh per day.

Energy per person-kilometre
The energy per person-kilometre for various forms of transport is shown 
in the table.

The figures are approximate; vehicles that are full are obviously more 
efficient than those that are not. (To convert to grams of CO2 per person-
km multiply the numbers in the table by 70.) 

Fig. 2 Intercity Diesel Multiple Unit

Fig. 4 A.C. electric motor underneath a DART locomotive

Fig. 5 Irish Rail Intercity train

Fig. 1 Approximate energy (MJ) per person-kilometre
Iarnród Éireann (IÉ), a subsidiary company of a state owned 
company, Coras Iompair Éireann (CIÉ), and is responsible for 
operating rail services in Ireland. Iarnród Éireann falls under the 
Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie

Fig. 3 Approximate recoverable 
energy (MJ/kg)
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Energy density
The table shows typical 
values for energy storage 
systems.

Although lead-acid batteries 
do not provide the greatest 
energy density they are 
commonly used in motor 
cars to drive the starter 
motors. They are relatively 
inexpensive but are not 
suitable for deep discharge. 
Nickel-metal hydride (NiMH) batteries have fairly average energy density 
– 0.2 MJ/kg – and can be discharged more fully. If such batteries made 
up 10% of the mass of a 200-tonne train they could store 4000 MJ of 
recoverable energy. This amount of energy would be sufficient to:

• keep a the train moving at 80 km/h for about 30 minutes 
• accelerate the train to from rest to 80 km/h maybe 30 times.

A DART ‘motor car’ uses about 2.8 kWh (≈10 MJ) per kilometre so 4000 
MJ would be sufficient to power a four-car DART train with two motor 
units (≈20 MJ) for about 200 km.

Electric locomotive vs. diesel electric
Fully electric locomotives have some advantages:

• they are lighter (no diesel engine or fuel) and so require less energy 
to accelerate 

• pollution is less because large electricity generating facilities 
incorporate elaborate pollution control. 

Their main disadvantage is that they require more infrastructure – 
overhead power lines and more generating capacity. They are also 
immobilised in the event of a power failure. 

Diesel Multiple Unit 
In a Diesel Multiple Unit (DMU) each carriage has its own diesel-electric 
power plant delivering about 500 kW. This provides the motive power as 
well as the on-board facilities (light, heat, hot water etc.). A driver cabin 
may also be included. 

DMUs are gradually replacing the traditional systems in which one 
locomotive engine pulls all the carriages. 

Where does the energy go?
For a vehicle travelling at a steady speed on a smooth level surface the 
main energy drains are air resistance and friction in wheel bearings. We 
can reduce friction in the bearings but we cannot completely remove it; 
even with the best ball bearings and lubrication about 3% of the energy 
is lost because of friction at high speed, and a much larger percentage 
(but less energy) at low speed. Air resistance can be reduced by 
streamlining but again we cannot remove it completely. Bearing 
resistance is proportional to the speed but air resistance (drag) is 
proportional to the square of the speed.

Significant amount of energy is used in accelerating; for cars in city 
traffic this may amount to 50% of the fuel use. Considerable gains might 
be achieved if the kinetic energy of a car could be recovered instead of 
being lost as heat in the brakes; this can be achieved by the using 
regenerative braking.

Regenerative braking
Regenerative braking is the conversion of the energy of a moving vehicle 
into some stored form – most commonly in a battery or in a flywheel. 
Brakes are still required as a back-up but also because regenerative 
braking is much less effective at low speeds and may in fact be useless 
if the batteries are already fully charged. 

In the case of electric trains the motors that are used for propulsion can 
act as generators and in the process they produce a braking effect. 
Regenerative brake power is about the same as the motive power; this is 
another reason why additional brakes are required, especially for 
unanticipated stops. The electricity generated in this way can be fed 
back to the overhead lines for use by other trains on the system. This is 
particularly   in the case of commuter trains because they spend much 
time either accelerating or decelerating. Alternatively the recovered 
energy might be ‘stored’ in a flywheel or a battery. Each of these adds 
further weight.

The rising cost of fuel is driving public awareness of the need 
to use fuel in a more efficient and environmentally sensitive 
way. The proliferation of motor cars causes traffic congestion 
and greatly reduced fuel efficiency. The only viable solution 
is to reduce dependence on private cars by increasing the 
availability and frequency of public transport – in practice, 
bus, tram and train. The cost per person-kilometre is lower 
for trains than for any other form of powered transport.

Energy sources
• Energy sources can be categorised as follows:
• Fossil fuel such as coal, oil or gas (combustion engine or  

electricity generation)
• Renewable fuel (wood or other organic material)
• Nuclear power (for heating and electricity generation)
• Geothermal (for heating and electricity generation)
• Photovoltaic (low power electricity generation)
• Fuel cells (electrolysis <=> electricity generation)
• Solar heating (mainly for heating water)
• Wind and tide (mainly for electricity generation)
• Electricity (which can be generated using other energy sources 

mentioned above or by hydro-electric generators, photo-voltaic cells 
or thermoelectric generators)

Energy storage
Energy can be in effect ‘stored’ by conversion to other forms. Practical 
types of storage include:

• Electrical (using a rechargeable battery)
• Mechanical (in a flywheel)
• Chemical (electrolysis of water to generate hydrogen for fuel cells or 

combustion)
• Hydroelectric (pumped water storage – for large scale systems) 

Photovoltaic cells
In practice the energy sources for vehicular transport are combustible 
fuel or electricity from photovoltaic cells or from batteries. Photovoltaic 
cells on their own are not feasible for transport; they are typically used in 
conjunction with batteries and combustion engines. 

The average daytime solar energy at the surface of the Earth is 683 W; 
the maximum (with the Sun vertically overhead) is twice that value or 
1366 W. In Ireland the maximum available solar energy per day is about 
0.5 kW h/m2 in winter and 4.5 kW h/m2 in summer, although this varies 
considerably from place to place. The efficiency of photovoltaic cells is 
currently 25% at best and the process of charging and discharging 
batteries would lose 10%–20% of this. So the actual recoverable energy 
would be between 100 Wh and 1 kWh per day.

Energy per person-kilometre
The energy per person-kilometre for various forms of transport is shown 
in the table.

The figures are approximate; vehicles that are full are obviously more 
efficient than those that are not. (To convert to grams of CO2 per person-
km multiply the numbers in the table by 70.) 

Fig. 2 Intercity Diesel Multiple Unit

Fig. 4 A.C. electric motor underneath a DART locomotive

Fig. 5 Irish Rail Intercity train

Fig. 1 Approximate energy (MJ) per person-kilometre
Iarnród Éireann (IÉ), a subsidiary company of a state owned 
company, Coras Iompair Éireann (CIÉ), and is responsible for 
operating rail services in Ireland. Iarnród Éireann falls under the 
Department of Transport and the Marine. The company operates 
passenger rail services nationwide and provides commuter rail 
services, including the DART service in Dublin and the Commuter 
services from Dublin to Kildare, Drogheda, Maynooth and Gorey.  
From the company’s formation in 1987, it was expected to use its 
existing resources effectively to generate additional business.

The late 1990s brought to an end the era of large scale line 
closures and cutbacks as a means of trying to rectify financial 
difficulties. In the last year, Iarnród Éireann achieved record 
increases in passenger numbers; it carried 45.5 million 
passengers – an increase of 5% - and is Europe’s fastest-growing 
railway. The rail company’s passenger revenue also increased 
to €230.3 million from €227.7 million in 2006.

Iarnród Éireann is undertaking the largest investment programme 
in the history of Irish railways, to improve the service to 
customers. Transport 21 is the title of the government’s ten-year 
infrastructure investment programme. This aims to expand the 
rail services to allow the railway to play its full role in the economic 
and social development of the country.

For more information about Irish Rail see  
www.irishrail.ie or www.sta.ie
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• In 1932, the Drumm Battery Train was the first electrical train in 
Ireland. Dr James Drumm who invented a battery to operate the train 
also engineered a successful system of regenerative braking. This 
was well ahead of its time and is only now being introduced  in some  
European rail systems.

• The French TGV (train a grande vitesse), which reaches 584 km/h, 
takes 16 km to stop when the brakes are fully applied.

True/False Questions

a) The cost per person-kilometre is lower for trains than for    
any other form of transport T F

b) Photovoltaic cells can generate high power electricity T F

c) It is more efficient in terms of energy to travel by electric    
train than by diesel train T F

d) Lubrication can remove friction in wheel bearings T F

e) Regenerative braking would be cost effective in the Dublin to 
Waterford railway line T F

f) As Electric trains are light; they are more cost efficient T F

g) DMU allows extra passenger capacity to be added at the  
same time as motive power T F 

Examination questions

Leaving Certificate Physics, 2002 Ordinary Level.
5.  b)  A car of mass 800 kg is travelling at 10 m s-1. What is its  

kinetic energy?

12. c)   Describe an experiment to demonstrate that a capacitor can 
store energy.

Leaving Certificate Physics, 2005 Higher Level. Q. 11
(i)  List three factors that affect the force on a current-carrying 

conductor placed near a magnet.

(ii)  What energy transformation takes place in an electric motor?

(iii)  What is the function of a commutator in a dc motor?

(iv)  Draw a sketch of the output voltage from an ac generator.

(v)  How are the slip rings connected to an external circuit in an ac 
generator?

Syllabus References

The Leaving Certificate Physics syllabus calls for treatment of the 
following topics.

• Equations of motion. Newton’s laws of motion (p. )

• Energy, work, power, efficiency 

• Electricity and magnetism: current, voltage, power; mains 
electricity; motor and generator… 

Forces, work, power and energy are also integral to the Junior 
Certificate Science syllabus. 

Similarly, these topics are central components in the Design, Structures 
and Mechanisms sections of the new Leaving Certificate Technology 
syllabus.

All current syllabi are also concerned with the Science and Technology 
in Society (STS) agenda, to which the Irish Rail lesson is highly 
relevant.

Learning Outcomes

On completing this section the student will be able to: 
• Appreciate the need for fuel efficiency

• List the different types of energy storage

• Appreciate that light can be used to generate electrical energy

• Understand how energy is lost during train journeys

• Recognise the practicality of regenerative braking, energy capture 
and storage

• Identify the benefits and shortcomings of different types of rail 
transport e.g. by electric locomotive, diesel electric or diesel 
multiple unit.

• Regenerative braking is a method that reduces vehicle speed by 
converting kinetic energy to another form of energy; this energy can 
then be stored for future use. 

• Energy storage from regenerative braking is complicated as large 
onboard batteries add weight to the train.

• Battery storage values show that nickel hydride batteries (average 
density 0.2 MJ/kg) may be the most efficient to use to store energy 
on trains as it provides a high input/ output to weight ratio.

• Electric trains are advantageous compared to traditional diesel 
electrical trains as they reduce pollution and are light-weight; 
however they require a complex railway system. 

• DMU trains are multiple unit trains that carry a diesel engine in each 
carriage; they are currently replacing older single-engine 
locomotives.

Student Activities

Mandatory Physics Experiment: Mechanics 1

Measurement of velocity and acceleration
For this experiment you will need a ticker-tape timer, a power supply, 
connecting leads, ticker tape and a metre stick.

Velocity
To measure velocity, set up the apparatus and connect to an appropriate 
power supply. 

Pass 1 m of tape through the timer and then start the timer. 

Pull the tape through the timer at a constant velocity and then switch 
the timer off. 

Mark off the dots in ‘five space’ lengths and measure each of these. 

If the dots are equal distances apart then the velocity was constant. 

If the velocity was not constant calculate the average of the values. 

Calculate the average velocity at which the tape was being pulled. 

Acceleration
Repeat the procedure, but instead of pulling the tape at constant 
velocity, pull it with increasing velocity. 

Calculate the velocity (m/s) at chosen points (near the start, u, and near 
the end, v). 

Measure the distance over which the increase in velocity took place 
(i.e., the distance between the mid-point at which u was calculated and 
the mid-point at which v was calculated). 

Determine the acceleration using:

v²=u²+2as

Did You Know?

• The earliest evidence of a railway is the Diolkos wagonway in 
Greece. It dates form around 600 BC and it appears that wheeled 
vehicles were pulled along it on limestone tracks.

• The first railway in Ireland was the Dublin to Dún Laoghaire line that 
was built by William Dargan in 1834.

• In 1920, rail transportation peaked in Ireland and there were 5,500 
km of railway. Today it is less than half that amount. 

• The first three railways in Ireland all had different gauges. It was 
later standardised to 1.6 m. Other countries that use this gauge 
include Brazil and Australia (in the states of Victoria and NSW). The 
rest of the world uses a standard gauge of 1.47 m. 

General Learning Points

• The need for a fuel efficient and environmentally friendly method of 
transportation is apparent.

• Rail travel is the most cost-effective form of motorised public 
transportation.

• Power sources for trains vary from fossil fuel to electric.

• Generated energy can be stored by converting it from one form to 
another, for example, electrical storage using rechargeable 
batteries, mechanical storage using a flywheel, chemical storage 
by the electrolysis of water to generate hydrogen gas for combustion 
or hydroelectric storage using water pumps.

• One environmentally friendly method of generating electricity for 
rail transportation is to use photovoltaic cells that are used synergy 
with batteries or combustible engines.

• Drag and friction both contribute to the wasteful loss of energy during 
rail transportation. Energy losses can be reduced by lubrication and 
streamlining, but neither effect can be completely removed. 

Biographical Notes

Thomas Savory (1650-1715)
Savoy, an English scientist, was credited with inventing the steam 
engine in 1696. It only had limited lift height and was prone to boiler 
explosions but it still had some use in mines and pumping stations.

William Dargan (1799-1867)
William Dargan, an engineer from Co Laois, 
is regarded as the father of Irish railways. 

From an early age he showed a talent for 
mathematics. He was educated in England 
and then worked in a surveyor’s office.

He worked with George Stephenson on his 
‘Rocket’ – the first public service steam-
powered railway engine in the world

Dargan constructed Ireland’s first railway 
from Dublin to Dún Laoghaire in 1834.

He also constructed over 1200 km of 
railway throughout Ireland as well as the 
Ulster Canal, which links Lough Erne with 
Belfast.

Isambard Kingdom Brunel (1806-1859)
Isambard Kingdom Brunel, a British engineer, is famous for designing 
the Great Western Railway which linked London to Bristol. He 
constructed 25 km of railway line between Bray and Wicklow. It was 
said that Bray Head could not be conquered so Brunel saw this as a 
challenge. He bridged a wide ravine with a wooden viaduct 90 m long 
and 22 m high but before it was finished it was destroyed by the sea one 
night and a replacement had to be built. The line has since been 
changed on four occasions because of erosion by the sea.

William Dargan

Revise the Terms

Can you recall the meaning of the following terms? Reviewing the 

terminology is a powerful aid for recall and retention. 

Accelerating, battery, bearings, congestion, conversion, diesel multiple 
unit, efficient, electrolysis, flywheel, geothermal, hydride, immobilised, 
infrastructure, locomotive, lubrication, photovoltaic, propulsion, 
regenerative, renewable, solar energy, streamlining, thermoelectric.


