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EXECUTIVE SUMMARY
The present report is a review of energy labelling systems of products in different sectors,
including other modes of transport than rail, to support a proposal of an energy labelling system
for rail vehicles. This report collects the existing energy labelling systems and energy efficiency
indicators and briefly analyses their features. Compared with other modes of transport and based
on the ongoing studies related to energy in the railway sector, the features of rail vehicles are also
analyzed regarding energy efficiency.
The report is linked to the Energy Labelling Proposal in FINE-1 Task 2.1 External market,
normative and internal requirements analysis for eco-labelling proposal.
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ABBREVIATIONS AND ACRONYMS
FINE-1

Future Improvements on Noise and Energy - 1

ISO

The International Organization for Standardization

IEC

The International Electro-technical Commission

EU

European Union

ICAO

The International Civil Aviation Organization

IMO

The International Maritime Organization

MV

Metric Value

EEDI

The Energy Efficiency Design Index

DOE

The US Department of Energy

LED

Light-Emitting Diode

EEI

The Energy Efficiency Index

SAEC

The Seasonal Annual Energy Consumption

AEC

The Annual Energy Consumption

EER

Energy Efficiency Ratio

COP

Coefficient of Performance

SEER

Seasonal Energy Efficiency Ratio

SCOP

Seasonal Coefficient of Performance

ESEER

European Seasonal Energy Efficiency Ratio

ESCOP

European Seasonal Coefficient of Performance

SUV

Sport Utility Vehicle

ERC

The Rolling Resistance Coefficient

WLTP

Worldwide Harmonized Light Vehicles Testing Procedure

NEDC

The New European Driving Cycle

TTW

Tank-to-Wheel

EC

European Commission
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EEC

European Economic Community

PWR

Power-Weight Ratio

EPA

The US Environmental Protection Agency

NHTSA

The US National Highway Traffic Safety Administration

BEV

Battery Electric Vehicles

PHEV

Plug-in Hybrid Electric Vehicles

MPG

Miles Per Gallon

MPGe

Equivalent Miles Per Gallon

FTP

The Federal Test Procedure

LTO

The Landing/Take-Off

RGF

The aircraft’s Reference Geometric Factor

MPGe

Equivalent Miles Per Gallon

MTOW

The Maximum Take-Off Weight

CECM

The Carbon Emissions Calculator Methodology

GT

Gross Ton

IFEU

The German Institute for Energy and Environmental Research Heidelberg

SCF

Standard cubic foot

LPG

Liquefied petroleum gas

CNG

Compressed natural gas
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1. INTRODUCTION
Improving energy efficiency and reducing CO2 emissions are becoming important issues across
the world. More advanced technologies which can help to effectively use energy and significantly
cut CO2 emissions are being developed and used. Policy-makers have the responsibility to
encourage the development and application of these technologies, to limit the usage of inefficient
products, to regulate the market, and to raise people’s awareness of energy-saving. In order to
achieve these goals, energy labelling systems to evaluate energy efficiency of different products
are initiated in most countries and some international organizations.
Energy label is a marking with instruction list to show a product’s energy usage or efficiency
according to a common measure. The label alerts targeted groups to energy usage or operational
costs of the appliance and enables the comparison of energy usages of different product models
comparable. Many energy efficiency labels exist all around the world and are applied to many
products. An energy labelling system mainly contains three key elements: protocol, label, and
standard [1].
In order to make energy consumptions of different product models measurable and comparable,
the protocol in an energy labelling system is the most important element. It must specify: energy
usage metrics, operating cycles and conditions, performance metrics, model categories,
allowable tolerances and measuring instrument specification. However, there are many
uncertainties about operating conditions, setups, climate and human behaviour, all of which
significantly affect the energy consumption in practise. For operating conditions the main factors
which guide the development of the protocol are: simplicity, reproducibility and
representativeness. Europe, Japan, and North America use different protocols. Europe tends to
adopt the protocols developed by the International Organization for Standardization (ISO) and the
International Electro-technical Commission (IEC), while Japan and the US prefer to develop their
own protocols. Other countries tend to directly use one of the three protocols or develop their
protocols based on them.
The label in an energy labelling system is responsible for indicating key features of the labelled
product and for conveying information from one party to another. Information transfer relies on
some sort of graphics to draw attention and to convey information quickly and memorably.
Generally, there are two kinds of labels developed: comparison label, which makes comparison
between different product models possible, and endorsement label, which only shows better
performance than a common efficiency level. The comparison label is usually mandatory in most
countries. Regarding comparison label, there are three general approaches: efficiency range of
the product models available, pre-defined efficiency categories and target efficiency levels. The
range label uses linear graphics to describe how the energy usage or efficiency of the labelled
model in question compares with the most-efficient and the least-efficient models sold on the
market, which makes competition among different products (in the US and Canada), as shown in
Figure 1a. The category label classifies energy efficiency of the labelled product according to predefined efficiency limits of each efficiency class (in EU and China), as shown in Figure 1b. The
target label uses symbolic mark to indicate the ratio between the labelled product’s energy
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efficiency and a targeted efficiency level, as shown in Figure 1c, which enables consumers to
compare the energy efficiency against the target efficiency.

(a)

(b)
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(c)
Figure 1: Three examples of energy label of household products: (a) Canadian
EnerGuide, (b) European Label and (c) Japanese Top-runner Label.
The standard in the energy labelling system is the mandatory regulation to define efficiency
classes and to stipulate the minimum efficiency level of a product acceptable for selling or using
in a particular country or region. The standard is more important in improving energy efficiency in
the case where the product-buyer and the end user are two different parties [1]. Although the
efficiency classes and the standard play different roles in the encouragement of energy-efficient
technology and the restriction of low-efficient products, in most cases they work together.
Although the buyers are supposed to buy and use the product model of a high energy efficiency
class, they can make their own choice of purchase. However, once a product falls out of a certain
energy efficiency range, this inefficient product is not allowed to be sold. Regarding the standard,
there are two basic analytical approaches to establish the standard values between different
efficiency levels: statistical method and engineering/economics method. In the statistical
approach, the energy efficiency levels of all product models sold on the market are evaluated,
and the setting values are established at levels that eliminate a certain portion of the least efficient
models. In the engineering/economics approach, the reduction of the operational costs by
improving energy efficiency is assessed, and the standards or targets are established at levels
deemed technologically feasible and economically justified. Usually, the statistical method is used
when target and standard are firstly introduced, and the engineering/economics method is then
used to update and modify the standards and targets. The statistical approach has the advantage
of being less data intensive. The engineering / economics method can support the development
and adoption of more stringent efficiency levels.
Based on the general principles above, many countries and international organizations have
developed their energy labelling systems for different products. In all developed countries and
some developing countries, most household products are subjected to energy labelling systems.
In some countries, some other products, such as cars, office products and even houses, are also
covered by an energy labelling system. For example, EnergyGuide label in the USA mainly
applies to household products; Top Runner Target Product Standard in Japan covers household
products, electronic devices, light road vehicles and some office equipment; Energy Star system,
an endorsement label, is recognized by most countries and covering a wide range of products;
European Union Energy Label applies to household products and cars. Nowadays, in order to
efficiently use energy and to effectively reduce CO2 emissions, some international organizations
not only encourage the application of advanced techniques and renewable energy but also have
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developed means to indicate and regulate energy efficiency within their sectors. In some EU
countries, some more sectors are subjected to energy labelling systems. For example, in Sweden,
energy consumption of houses is classified into different energy efficiency classes (from A to G)
according to annual energy usage per square metre of living area with some modifications with
respect to climate zone and type of heating [2].
The history of energy labelling is about half of a century. The first mandatory minimum energyefficiency standard was introduced in 1962 in Poland for some industrial appliances. The French
government set standards for refrigerators in 1966. Other European countries introduced
mandatory efficiency labels and performance standards throughout the 1960s and 1970s. In 1976
France introduced mandatory comparison labelling systems covering a wide range of household
products. Japan, Canada and the U.S. soon followed suit with programs covering these and other
products [3]. The transport sector takes a considerable amount of energy consumption, about
28% of the total energy in 2015, as shown in Figure 2 [4]. In response to environment protection
and applications of energy-efficient technologies, some international organizations in the
transport sector have already developed protocols and standards to reflect the energy
consumption and to enforce the minimum acceptable energy efficiencies in their domains. The
International Civil Aviation Organization (ICAO) developed a standard metric value (MV) to
evaluate the energy efficiency [5]. The International Maritime Organization (IMO) developed the
Energy Efficiency Design Index (EEDI) to reflect the energy efficiency, which is applicable to
newly-built ships since 2011 [6].

Figure 2: Total final energy consumption by sector in the world from 1990 to 2015. Unit in
PJ.
Although some train operators have developed CO2 footprint indicators based on statistics and
travelling distance, there is unfortunately no coordinated energy labelling system or efficiency
indicator in the rail transport sector up to now. The railway transport is well known for its energy
efficiency and often offers low CO2 emissions, compared with other transport modes. It is
important to build up a method to effectively reflect and evaluate the energy use of different
models of trains, since it not only enhances the attractiveness of railway transport and contributes
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to the reduction of CO2 emissions, but also helps to encourage the usage of energy-efficient
products and incentives the development of railway technology in the long term. However, rail
transport works with a wide range of operational speeds and in many different working conditions
for different purposes, from high-speed trains to tramways or freight trains, which makes building
an energy labelling system for railway transport quite complex. In order to develop an effective
energy labelling system for rail transport, this study reviews current energy labelling systems or
energy efficiency indicators.
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2. HOUSEHOLD PRODUCTS
2.1 OVERVIEW
There are many energy labelling systems for household products used in the world, e.g. the EU
energy labelling system, the US and Canada EnergyGuide, the Japanese Top-runner program,
as shown in Figure 3 [7], which indicate the energy consumption for specified operational
conditions and rate the energy efficiency level. The household products consume significant
amount of energy and have a great number of product models to choose in purchase. The
residential sector consumes a considerable amount of energy, i.e. about 25% of the total energy
in 2015 [4]. The purposes of energy labelling for household products are to limit the usage of
inefficient products, to regulate the market, and to raise people’s awareness of energy-saving.
Besides the comparative labels as shown in Figure 3, there are additional labels, i.e. endorsement
labels, which can be used together with other kinds of labels, as shown in Figure 3 [7]. The
endorsement labels only indicate that the energy efficiency of the product is better than a certain
level, such as for the Energy Star, but they can be used in a wider scope than the comparative
labels do. The energy labelling systems in North America, European Union and Japan are briefly
discussed here due to their importance and representativeness. Although there are many other
energy labelling systems existing in the world, most of them are essentially based or developed
from one of the three systems mentioned [1, 7-8].

Figure 3: Comparative labels: (a) EU Energy Label, (b) Chinese Energy Label, (c)
Australian Energy Rating Label, (d) Japanese Top-Runner Energy Label, (e) US
EnergyGuide Label, (f) Canadian EnerGuide Label.
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Figure 4: Endorsement labels: (a) Energy Star (originated from the US but internationally
recognized), (b) Chinese Energy Conservation Program, (c) Recognition-Type Energy
Label in Hong Kong, China, (d) South Korea High-Efficiency Appliance Certification
Program.
In North America, due to the integration of the North American economies, Canada and the United
States in most cases have the same or very similar energy efficiency standards as well as
protocols. The US EnergyGuide and the Canadian EnerGuide labels focus on information in
monetary units and also display estimated yearly operating costs related to energy consumption.
In the US, all major home appliances are subjected to the Appliance Standards Program (ASP)
set by the US Department of Energy (DOE). Manufacturers must use standardized test
procedures developed by DOE to prove the energy efficiency of their products. Test results are
required to be printed on a yellow EnergyGuide label and displayed on the appliances. These
labels indicate how much energy the appliances use, compare the energy usage of the labelled
product with other similar products, and give an approximation of annual energy cost. A bar scale
is used on each label to indicate the relative efficiency of the labelled product compared to similar
products available on the market. Information in physical units is also provided, but placed less
prominently. Currently, the US EnergyGuide labelling system is applied to washing machines,
refrigerators, freezers, televisions, lamps, water heaters, dishwashers, air conditioners, furnaces,
boilers, heat pumps, ceiling fans and pool heaters in 2013 [9]. Since the labelling system
compares similar products sold in a certain period on the market, the efficiency scale changes
over time and has to be renewed frequently. In addition, the Energy Star, originated in the US, is
a supplementary energy labelling system for energy-efficient products. Although it is
internationally recognized, it is a voluntary program. It marks the products generally consuming
20–30% less energy than required by the US federal standards and covers more products than
EnergyGuide, such as electronics, building products and office equipment [1].
Japan uses the Top-Runner efficiency standard, which displays both economic and physical
information, with yearly energy costs being placed more prominently. It is enforced by the Energy
Conservation Law in Japan. In the Top Runner program, it is a target labelling system indicating
the ratio (on a percentage basis) between the labelled model’s energy efficiency and a targeted
efficiency level. This label enables consumers to compare the energy efficiencies of a large scale
of products in a relative and quantitative way. The scheme can maintain the effectiveness of the
provided information, considering the possible improvement on energy efficiency each year. The
Top Runner Target Product Standard is applied to most household products, office equipment,
some electronics as well as passenger and freight road vehicles (petrol/diesel/LPG, 3.5 tons
below). [10]
The European Union energy labelling system, enforced by EU Directive 92/75/EC, established a
mandatory energy efficiency labelling scheme in 1992. The Directive applies to the following types
of household appliances, even sold for non-household usages: refrigerators, freezers and their
combinations; washing machines, dryers and their combinations; dishwashers; ovens; water
heaters and hot-water storage appliances; lamps; air-conditioning appliances; TV sets.
Household appliance offered for sale, hire or hire-purchase must be accompanied by a fiche/label
providing information relating to their energy consumption or other essential resources. Now the
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Regulation (EU) 2017/1369 is in force since August 1, 2017, which essentially maintains the same
scope, but modifies and enhances some of its provisions to clarify and update their content, taking
into account technological improvement achieved over recent years. The energy efficiency of the
appliances is rated in terms of a set of energy efficiency classes from A to G on the label, with A
being the most energy efficient and G the least. To accommodate advances in energy efficiency,
A+, A++ and A+++ grades have been introduced for various products thereafter. The label gives
useful information to assist the customers to choose among various models in purchase. Besides
energy usage and energy efficiency, the EU energy label also provides several pieces of physical
information about the labelled product. As all EU countries implement the same energy labelling
system for the mentioned household products, the system allows manufacturers to use the same
labels for products sold across the different EU member countries [11].
Most household appliances work in indoor environment, a rather uniform and simple environment
condition, and only consume electricity, which makes the energy quantity comparable and easy
to measure. Although the core function of energy labelling is to reflect energy efficiency, the
systems in different countries and regions deviate very much and have different measuring
protocols and different objectives. Since the energy labelling system for railway rolling stocks is
aiming at the European railways, it is important to align with the existing EU energy labelling
system. Therefore, this chapter mainly focuses on the European energy labelling system for
household products and discusses a number of major household appliances as examples.

2.2 LAMPS
Lamps and other luminaires are necessities in every family. They consume a considerable
amount of electric energy in the world. Considering the large number of lamps and lighting
equipment in use, further reduction of the energy use of electrical lamps is very important.
In EU supplementing Regulation (EU) No 874/2012 [12], the regulation establishes requirement
for labelling energy efficiency of filament lamps, fluorescent lamps, high-intensity discharge lamps,
LED lamps and LED modules. There are some exceptions to the lamps and LED modules for
reasons such as low luminous flux, battery-power and no lighting purpose. The energy label of a
lamp, as shown in Figure 5 [12], must contain the following information:
•
•
•
•

Supplier’s name
Model identifier
Energy efficiency category from A to G (for LED beginning with A++, A+)
Electricity consumption of the lamp in kWh in 1000 hours
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Figure 5: Example of energy labelling of lamps.
The energy labelling regulates the market. For a lamp, in order to be sold in EU, the product must
meet the minimum energy efficiency based on its type. Since September 2009, household light
bulbs must at least list in class A. For other types, lamps must at least list in class B after
September 2016.
Energy efficiencies of the labelled lamps are classified into categories from A to G according to
the energy efficiency index (EEI) [12], as shown in Table 1 and Table 2 [13],
EEI = Pcor/Pref×100%

(1)

where Pcor is the power of the lamp corrected to include any control gear losses and Pref is its
reference power. Both Pcor and Pref are in Watt. Since the lamps are of many types, the corrected
power Pcor is used to coordinate the differences. For the models with control gear integrated, the
rated power of the lamp is the corrected power. For the products with external control gear, the
energy loss on the control gear is added to the rated power by multiplying a specified coefficient
depending on the category [12].
Table 1: EEI classification value of directional lamps, in percentage.
Class

A++

A+

A

B

C

D

E

EEI, in %

<13

<18

<40

<95

<120

<175

>175

Table 2: EEI classification value of non-directional lamps, in percentage.
Class

A

B

C

D

E

F

G

EEI, in %

<25

<60

<80

<95

<110

<130

>130

The reference power is calculated from the luminous flux (Φuse) the labelled lamp emits according
to a specified formulation, i.e. for models with Φuse < 1 300 lumen: Pref = 0.88√𝛷𝑢𝑠𝑒 + 0.049Φuse,
and for models with Φuse ≥ 1 300 lumen: Pref = 0.07341Φuse. Due to efficiency improvement, A+
and A++ classes were introduced in 2012.
According to the energy labelling system of lamps, the energy efficiency of the labelled lamp is
defined by the coefficient between the real energy consumption and the reference energy usage.
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Since the customers are not informed of the methodology in energy labelling, the efficiency is
highly dependent on the span limits of each efficiency class and the setting of the reference power.
Both working condition and functioning modes for lamps are simple and easy to define, because
no matter what kind of lamp it is, the input is energy and the output is luminous flux.

2.3 WASHING MACHINES
Washing machines are used in most families. Washer and dryer are usually combined. Different
from lamps, washing machines consume both electricity and water. The working performance is
a very important factor, expressed as cleanness, noise emission and drying performance. Here
only the washing function is discussed. In EU, two labelling systems have been developed: the
old one expired in 2010 and the new one valid since 2010, as shown in Figure 6 [15-16].

(a)

(b)

Figure 6: Examples of energy labelling of washing machines: (a) the old EU labelling
system valid until 2010; (b) the new EU labelling system valid since 2010.
The old labelling system was based on the energy consumption of each typical washing cycle,
which meant a complete washing, rinsing and spinning cycle. The old energy label, enforced by
Directive 95/12/EC [15], as shown in Figure 6a, had to contain information on:
•
•
•
•

Energy efficiency class from A to G
Washing performance class from A to G
Spin-drying performance class from A to G
Maximum spin speed, in rpm
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•
•
•

Total cotton capacity, in kg
Water consumption per complete washing cycle, in litres
Noise in washing and spinning, respectively, in dB(A)

The energy efficiency was expressed in kWh per kilogram of load and then classified according
to Table 3 [13]. The span limits for each efficiency class were pre-defined. The energy efficiency
for washing machines was calculated based on a standardized washing scenario, i.e. cotton
washing cycle at 60 °C with the maximum declared load and assuming a cold-water supply at
15 °C. The washing performance, i.e. cleanness, was measured according to EN 60456 [14] and
was based on a 60 °C cycle on fabric samples with stains of oil, blood, chocolate, milk and red
wine, using a standardized detergent and compared against a reference washing machine, as
shown in Table 4 [13]. The spin-drying efficiency class was determined based on the remaining
moisture content (RMC), as shown in Table 5 [13], which was the mass of water divided by the
dry mass of cotton fabrics. However, in fact only a few washing cycles were fully loaded and
worked at the indicated water temperature.
Table 3: Energy efficiency of washing machines (pre-2010), in kWh/kg.
Class

A

B

C

D

E

F

G

Efficiency

<0.19

<0.23

<0.27

<0.31

<0.35

<0.39

>0.39

Table 4: Washing performance index (stain removal).
Class

A

B

C

D

E

F

G

Efficiency

>1.03

>1.00

>0.97

>0.94

>0.91

>0.88

<0.88

Table 5: Spin-drying efficiency class (remaining moisture content), in percentage.
Class

A

B

C

D

E

F

G

Efficiency

<45

45-54

54-63

63-72

72-81

81-90

>90

The new energy label, enforced by Regulation (EU) No 1061/2010 [16], introduced and valid in
2010, is related to a simplified method and is based on an Energy Efficiency Index (EEI), and has
energy classes in the range from A+++ to D. The EEI is a measure based on annual electricity
consumption which includes energy used in power-off and standby modes. To coordinate diverse
washing conditions, the annual usage of washing machines is statistically standardized into 220
typical washing cycles with different weight factors. The new label, as shown in Figure 6b,
contains information on:
•
•
•
•
•
•

Energy efficiency class from A+++ to D
Weighted annual energy use, in kWh per year
Total cotton capacity, in kg
Weighted annual water consumption, in litres per year
Spin-drying efficiency, class from A to G
Noise during washing and spinning, respectively, in dB(A)
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Table 6: Washing machines EEI rating (post-2010), in percentage.
Class

A+++

A++

A+

A

B

C

D

EEI, in %

<46

46-52

52-59

59-68

68-77

77-87

>87

The Energy Efficiency Index (EEI) is a ratio between the weighted annual energy consumption
and the reference annual energy consumption. The efficiency is classified according to Table 6
[13] and calculated as follows
EEI = AEC/SAEC×100%

(2)

where AEC is the weighted annual energy consumption of the labelled washing machine and
SAEC is the reference annual energy consumption of a household washing machine.
In the standardized annual working condition, the washing machine is assumed to be used in 220
standardized washing cycles. These cycles are divided into three standardized programs with
three different weighting factors:
•
•
•

42% of the total 220 cycles at 60 °C with full load, (Et,60)
29% of the total 220 cycles at 60 °C with half load, (Et,60,1/2)
29% of the total 220 cycles at 40 °C with half load, (Et,40,1/2)

The weighted energy consumption (Et) is calculated in kWh as follows [16]
Et = [3×Et,60+2×Et,60,1/2+2×Et,40,1/2]/7

(3)

The weighted annual energy consumption (AEC) is a combination of the energy consumption
during washing and other states, such as off-mode and left-on mode. It is calculated in kWh/year
as follows:

𝐴𝐸𝐶 = 𝐸𝑡 × 220 +

[𝑃0 ×

525600−(𝑇𝑡 ×200)
525600−(𝑇𝑡 ×200)
+𝑃𝑙 ×
]
2
2

60×1000

(4)

where Et is the weighted energy consumption; Po is the energy used in ‘off-mode’; Pl is the energy
used in ‘left-on mode’; Tt is the time of each standardized washing cycle.
The annual energy consumption (SAEC) is used as reference and calculated in kWh/year as:
SAEC=47× c + 51.7

(5)

where c is the rated capacity (in kg) of the labelled washing machine for the standardized loading
condition, 60 °C cotton program at full load or 40 °C cotton program at full load (using the one
with lower capacity).
In the new labelling system, the washing performance is not considered any more, since all
washing machines must reach the cleanness of Class A, which means that all the machines are
suitable to clean normally soiled cotton laundry. The cleanness is defined by the laundry
detergents EN 60456:1998, where the hardness and temperature of the water are also defined.
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Compared with lamps, the label of washing machines includes more information, such as water
consumption, noise and performance. In the old labelling system, the energy consumption is
tested based on energy consumption in a well-defined working condition, i.e. fully-loaded and
specified water temperature. However, not all the washing cycles are fully-loaded in daily usage,
which makes the energy consumption deviating much from the real case. To coordinate the
deviation caused by different loads and water temperatures, the new labelling system is changed
from the energy consumption in one single type of washing cycle to the annual based energy
consumption with different working scenarios applied, which makes energy usage statistically
countable and closer to reality than the old one. The energy consumption in off-mode and left-on
mode are also taken into consideration. However, the new method is highly related to the
definition of each condition and the statistics and cannot reflect the energy consumption of any
single washing cycle. The new labelling method is thus an effective way to deal with products
working in conditions with large deviations.

2.4 REFRIGERATORS
Refrigerators and their variants, such as freezers and wine-storage appliances, are widely used
in families. Since it is one of the major energy-use applicants at home, an energy labelling system
of refrigerators was introduced in 1994 in EU, enforced by Directive 94/2/EC. Now the regulation
in force is Regulation (EU) No 1060/2010 [17].
The labelling is specified in terms of an Energy Efficiency Index (EEI) [17], which is an indicator
of the annual energy consumption relative to a reference consumption based on the storage
volume and the type of appliance, as shown in Table 7 [13]. The labelling regulation covers
refrigerators with a storage volume between 10 and 1500 litres, but with some exceptions. The
label, as shown in Figure 7 [17], contains:
•
•
•
•

Annual energy consumption, in kWh
Capacity of fresh food, in litres, for refrigerators and combined appliances
Capacity of frozen food, in litres, for freezers and combined appliances
Noise, in dB(A).
Table 7: Energy Efficiency Index (EEI) of refrigerating appliances, in percentage.

Class

A+++

A++

A+

A

B

C

D

E

F

G

Efficiency

<22

<33

<42

<55

<75

<95

<110

<125

<150

>150
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Figure 7: Example of energy labelling of refrigerators.
The Energy Efficiency Index (EEI) of refrigerating appliances are based on the annual energy
consumption (AEC) of the labelled refrigerating appliance against its standardized annual energy
consumption (SAEC), as:
EEI = AEC/SAEC×100%

(6)

The annual energy consumption (AEC) is calculated, in kWh/year, as:
AEC = E24h×365

(7)

where E24h is the measured energy consumption of the labelled refrigerating appliance in 24 hours
and in the testing condition with all functions on at maximum, if adjustable, all compartments at
coldest configuration and at 25 °C indoor temperature.
The standardized annual energy consumption (SAEC) is a reference value calculated based on
the type of refrigerator and the volume of each compartment. There are many types of
refrigerating appliances, such as refrigerators, freezers, wine-storage appliances, and combined
appliances, in different sizes, working at different temperatures and with different combinations.
In order make comparison among different products possible, an equivalent volume is used, in
which all different compartments are converted into equivalent volumes of fresh-food storage
compartment at 5 °C. The equivalent volume of the labelled refrigerating appliance are the sum
of the equivalent volumes of all compartments. Veq is calculated in litres and rounded to the
nearest integer as:
𝑉𝑒𝑞 = [∑𝑐=𝑛
𝑐=1 𝑉𝑐 ×
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where n is the number of compartments, VC is the storage volume of the compartment, TC is the
nominal temperature of the compartment, (25 – TC)/ 20 is the thermodynamic factor dependant
on the type of the compartment [17], and FFC, CC and BI are volume correction factors dependant
on the function and setting of the compartment [17].
The standard annual energy consumption (SAEC) is calculated in kWh/year, as:
SAEC=Veq × M + N + CH

(9)

where Veq is the equivalent volume of the labelled refrigerating appliance, CH is equal to 50
kWh/year for household refrigerating appliances with a chill compartment larger than 15 litres, M
and N values depend on the category of refrigerating appliance [17].
The environmental impact of refrigerators is huge and very important. Although the indoor
temperature changes through a year, in the labelling system in EU the temperature is defined as
25 °C. In fact, different countries have different ambient temperatures applied, as shown in Table
8 [1]. In the energy labelling of refrigerators, the testing condition is well defined with all functions
on and at maximum output power, but in reality the energy consumption can be less. Since there
are many types of refrigerating appliances or combinations of them, this labelling method uses
the equivalent volume in a certain working condition to coordinate the discrepancy in temperature
and volume, but the conversion highly depends on the defined coefficients. In addition, some real
conditions are not taken into consideration, such as the frequency of door opening in each
compartment and storage load.
Table 8: Refrigerator working conditions in different countries.
ISO/IEC (Europe
& Japan)

Australia & New
Zealand

Canada &
United States

Refrigerators
Ambient Temperature (℃)

25

32

32.2

Fresh Food Temperature (℃)

5

3.3

3.3, 7.2

Freezer Temperature (℃)

-6, -12, -18

-9

-9.4, -15, -17.8
(freezer only)

Door Openings (℃)

No

No

No

Loading

Yes

Energy (No),
Performance
(Yes)

No

2.5 AIR CONDITIONERS
Air conditioners are one of the major energy-consuming applicants in families. The energy
labelling is effective to help to reduce the energy consumption. The previous regulation, Directive
2002/31/EC [18] introduced in 2002, was replaced by Regulation (EU) No 626/2011 [19], both of
which apply only to units with rated cooling capacity under 12 kW. Every label, in which the cooling
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and heating functions are separated as shown in Figure 8 [20], must contain the following
information:
•
•
•
•
•
•
•
•
•
•

Model
Energy efficiency class from A to G
Annual energy consumption (full load at 500 hours per year, old method; seasonal load,
new method), in kWh/year
Cooling power at full load in kW
Energy efficiency ratio in cooling mode at full load
Appliance type (cooling only, cooling/heating)
Cooling mode (air- or water-cooled)
Noise rating in dB(A) (where applicable)
Heat power at full load, in kW (if applicable)
Heating mode energy efficiency class (if applicable)

Both the old and new labelling systems are based on an Energy Efficiency Ratio (EER) for cooling
and a Coefficient Of Performance (COP) for heating, but with some transformation. The EER
value is the ratio of output cooling power to input electrical power at a given operating
temperature, generally calculated with an outdoor temperature of 19 °C (95 °F) and an indoor
temperature of 27 °C (80 °F), both with 50% relative humidity. The COP value shows how much
heat the pump provides by consuming each kW electricity.

(a)

(b)

Figure 8: EU energy labelling of air conditioners: (a) the old labelling system, (b) the new
labelling system.
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According to the old labelling system, the air conditioner operates 500 hours each year at
maximum output power, regardless of its region and outdoor temperature. The energy efficiencies
of the cooling and heating functions are classified by the EER and COP values according to Table
9 and Table 10, respectively.
Table 9: Air conditioners, cooling EER in W/W.
Class

A

B

C

D

E

F

G

EER

>3.2

3.0–3.2

2.8–3.0

2.6–2.8

2.4–2.6

2.2–2.4

<2.2

Table 10: Air conditioners, heating COP in W/W.
Class

A

B

C

D

E

F

G

COP

>3.6

3.4–3.6

3.2–3.4

3.0–3.2

2.8–3.0

2.6–2.8

2.4-2.6

In the new labelling system, the seasonal deviations of outdoor temperature around a year is
considered, so Seasonal Energy Efficiency Ratio (SEER) is used. The SEER rating reflects the
system efficiency on a seasonal basis whereas the EER reflected the system’s energy efficiency
at one specific operating condition. Now both the US and EU use this kind of seasonal varying
labelling system. In the US, the SEER is thus calculated with the same indoor temperature, but
over a range of outdoor temperatures from 65 °F (18 °C) to 104 °F (40 °C). In EU, European
seasonal energy efficiency ratio (ESEER) is adopted according to four standard environmental
conditions. The occurrences of different temperatures are 3%, 33%, 41% and 23% with respect
to the outdoor temperatures of 35°C, 30°C, 25°C and 20°C. The Seasonal Coefficient Of
Performance (SCOP) value is also adjusted correspondingly according to the occurrences of
outdoor temperature variation.
Actually, there are many types of air cooling and heating appliances. In this section, only the
normal home air conditioners powered with electricity are discussed. In the energy labelling
system of air conditioners, the energy efficiency ratio EER and the coefficient of performance
COP are the essential indicators. Different from other household products, the air conditioners
are partly placed outdoor and subjected to the environmental change. To balance the temperature
variation through a year, the seasonal weighting factor is used. In addition, an optional indicator
which considers the climate differences within EU is used, as shown by the map in the lower part
of Figure 8b. Although the classification in energy labelling is only dependent on the values within
the green-coloured region, some additional hints, e.g. the pre-classified map, are helpful.

2.6 TYRES
European tyre labels is regulated by Regulation (EC) No.1222/2009 [21]. Tyres sold in the EU is
subjected to energy labelling requirements. By switching to the most energy efficient tyres, the
customers can reduce energy consumption. The tyre energy label, as shown in Figure 9 [13],
shows three key performances: rolling energy-related resistance, wet grip and external rolling
noise. The tyre labelling is applied to the following road vehicles:
•

Car and SUV tyres (C1)
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•
•

Van tyres (C2)
Truck (and bus) tyres (C3)

with the exception of
•
•
•
•
•
•
•
•

Tyres for cars made before 1 Oct 1990
Re-treaded tyres
Motorcycle tyres
Racing/sports car tyres
Studded tyres
Spare tyres
Vintage car tyres
Professional off-road tyres

The Rolling Resistance Coefficient (RRC) is the main factor in indicating the energy efficiency of
a tyre and has a direct influence on the fuel consumption of a vehicle. The testing conditions and
regulations for tyres are well defined in [21]. Compared to using tyres in Class G, using tyres in
Class A can reduce fuel consumption by 7.5% for a passenger car; even more for a truck.
During test, the inflation pressures of the tyres shall be 220 kPa, the test load on the test tyre is
75 ± 5 % of the test tyre load capacity. Indicator for wet grip is the absolute stopping distance
when driving at 80 km/h under a specified testing condition. Between each class, there are 3 to 6
m difference in braking distance. A continuous sound level above 80 dB(A) can cause health
problems, so noise level is also taken into consideration in this label. The rolling noise is quoted
as an absolute value in dB(A) and shown with a three-class sound wave symbol.

Figure 9: EU energy labelling of tyres.
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3. TRANSPORT MODES
3.1

OVERVIEW

In 2015 the transport sector consumes about 28% of the total energy in the world, as shown in
Figure 10 [4]. Road vehicles, aircrafts and vessels are other transport modes besides rail vehicles.
Different from household products, the main function of all transport modes is to provide
transportation services, moving a person or a certain amount of goods from one place to another,
in which it consumes both energy and time. During the services, there are many factors directly
related to their performances: travelling time, energy consumption, emissions, punctuality, riding
comfort and safety. All modes of transport can take the duty in both passenger and freight
transport, but aircraft is mainly responsible for passengers and vessels mainly for goods. Usually,
they are compared with each other in the unit of fuel-litre per person-km or fuel-litre per ton-km.
However, different forms of transportation have different energy labelling methods or energyefficiency indicators according to their features. Among all modes of transport, vessels have the
best energy efficiency, because of its huge goods capacity, but it has the lowest time efficiency
due to its low operational speed. Among the other three modes of transport, rail transport has
usually the highest energy efficiency. For road, rail and air traffic, although the targeted customers
are ranging from short to long travelling distances, there are some overlaps between different
modes of transport. Road transport is the main competitor to rail transport in short and medium
distance transportation while the air transport is the main competitor for medium and long distance
transportation. Therefore, before an energy labelling system of rail vehicles can be developed, it
is important to know the energy labelling systems or the equivalent systems of other transport
modes and to study their features over the household products. Strictly speaking, only road
vehicles have energy labelling systems, but varying much in different countries, while the other
two modes only have coordinated energy efficiency indicators to show energy consumption and
set up their goals on reduction of CO2 emissions. In this chapter, different modes of transportation
are discussed and compared.

Figure 10: Share of global final energy consumption by sector in 2015.
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3.2

ROAD VEHICLES

Road vehicles consume much more energy in total than other modes of transport every year,
especially in terms of fossil fuel, which leads to a big proportion of CO2 emissions across the world
and pollution in some populated cities. In 2015 road transport makes up about 94% of the energy
consumption in the transport sector, as shown in Figure 10. To effectively use energy and reduce
CO2 emissions, most countries have set up energy labelling systems to classify the performance
of road vehicles. However, the systems in use in different countries are quite different from each
other and even the same car can get totally different results according to the different systems.
The EU labelling system focuses on the CO2 emissions, while the US system pays more attention
to economic issues. Testing measures and conditions in different countries also vary very much.
For example, the EU countries follow the Worldwide Harmonized Light Vehicles Testing
Procedure (WLTP) since September 2018 (previously using the New European Driving Cycle,
NEDC), the US uses EPA Federal Test Procedure and Japan uses JC08 driving mode. Currently,
WLTP has only been used in EU to better reflect the energy usage in reality. In this section, the
energy labelling systems of road vehicles are briefly discussed.
In EU, for light-weight road vehicles, the core indicator in evaluating the energy efficiency is
CO2 emissions in grams per kilometre travelled, as regulated in Directive 1999/94/EC [22]. The
road vehicle tax is based on CO2 emissions in most EU countries. This energy labelling system
covers all passenger motor-vehicles which have nine or less than nine seats including driver
(category M1). In all EU countries, the energy label must include the following information:
•
•
•
•
•
•
•
•

Brand
Model
Version
Fuel
Transmission type
Weight
Fuel consumption, in litres/100 km, for:
CO2 emissions of the entire test cycle, in g/km

According to the Directive, all cars sold in EU need to have a poster/display containing the above
information, especially indicating the CO2 emissions. The fuel consumption is expressed in litres
per 100 kilometres (litres/100 km) and is quoted to one decimal place. However, there is no further
detailed regulation about what the label should contain and what the label should look like, so
each EU member state individually enforces the regulation within its territory. Due to the lack of
further specific requirements, the Directive has been implemented very differently in each EU
member state. For example, the Czech Republic and Poland have no standardized label format
and it is sufficient for each car to only have the above information in any forms without efficiency
classification. In most EU countries, the format and details of the energy label are well regulated
and coordinated within the country. However, the energy labels in different member countries still
deviate a lot from each other, as shown in Figure 11 [27], especially on the issue of classification.
Most EU countries use a direct classification method, such as Belgium, Denmark, France,
Romania, UK, Finland, Austria and Sweden, in which the car models are directly classified by the
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absolute CO2 emissions, while some EU countries use an indirect method, such as Germany,
Spain and the Netherlands, according to which the car models are firstly categorized (according
to weight, size and type, respectively) into different groups and then classified by the relative CO2
emissions against a reference car model within its group. With the direct method, small and light
cars generally give relatively low CO2 emissions, so the labelled car model competes with all cars
sold in the market. However, with the indirect method, the car only competes with the cars with
similar features. Since the classification systems in different countries are not the same, the same
car can be classified into different classes in different EU countries, as shown in Table 11 [29]. In
Sweden, as an example, the energy labelling system for cars is enforced by the Swedish
Consumer Agency and the most efficient class is further extended from Class A to A+ and A++
to help car buyers to easily identify the car models with low emissions [23]. Since the two
European test cycles only consider direct emissions, i.e. Tank-to-Wheel (TTW) emissions,
according to this labelling system fully electric cars are publicized as zero-emission [2425]. However, electricity generation still has CO2 emissions dependent on how the electricity is
generated, as shown in Table 12 [30]. Up to now there are still arguments about which labelling
method works better in reality within EU [22, 26-28].

(a)

(b)

(c)

Figure 11: Car energy labels in (a) UK, (b) Belgium and (c) Germany, respectively.
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Table 11: Classification of identical car models in different EU countries.
Country

Format

United
Kingdom

Absolute A
to M

Switzerland

Relative A
to G

Netherland

Relative A
to G

Germany

Relative
A+ to G

Belgium

Absolute A
to G

Denmark

Absolute A
to G

Sweden

Absolute A
to G
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Table 12: Average CO2 emissions for generating electricity with different forms of
technology.
Technology

Description

Estimation (g CO2/kWhe)

Wind

2.5 MW offshore

9

Hydroelectric

3.1 MW reservoir

10

Wind

1.5 MW onshore

10

Biogas

Anaerobic digestion

11

Hydroelectric

300 kW run-of-river

13

Solar thermal

80 MW parabolic trough

13

Biomass

various

14-35

Solar PV

polycrystalline silicon

32

Geothermal

80 MW hot dry rock

38

Nuclear

various reactor types

66

Natural gas

various combined cycle turbines

443

Fuel cell

hydrogen from gas reforming

664

Diesel

various generator and turbine types

778

Heavy oil

various generator and turbine types

778

Coal

various generator types with scrubbing

960

Coal

various generator types without scrubbing

1050

In the European Union, before September 2018 the test cycle was the New European Driving
Cycle (NEDC), which contained two driving cycles, 'urban' and 'extra-urban', to test fuel
consumptions, in litres per 100 km (in miles per imperial gallon, 4.546 litres, in the UK). The urban
driving cycle was measured using the test cycle known as ECE-15, first introduced in 1970 by EC
Directive 70/220/EWG and later updated by EEC Directive 90/C81/01 in 1999. It simulated a
4052 m (2.518 mile) urban trip at an average speed of 18.7 km/h (11.6 mph) and at a maximum
speed of 50 km/h (31 mph). The extra-urban driving cycle lasted 380 seconds at an average
speed of 62.6 km/h (39 mph) and with a top speed of 120 km/h (74.6 mph). The resultant fuel
consumption was calculated according to a total consumption of the urban and extra-urban cycles
divided by the total distance (theoretically 11023 m). The total test time amounted to 1180 s with
an average speed of 33.6 km/h. The speed profile is described in Figure 12 [31] and the tested
car should closely follow the speed profile during the test. The whole test was conducted on a
test rig with friction, drag and inertia force imitated and with all ancillary loads turned off (air
conditioning compressor and fan, lights, heated rear window, etc.), as shown in Figure 13 [32].
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Figure 12: Speed profile of the New European Driving Cycle.

Figure 13: Test rig for cars.
The Worldwide harmonized Light vehicles Test Procedure (WLTP) [31, 33] is developed to better
reflect the real driving style and more types of road vehicles are included. Since September 1,
2018 it has replaced the NEDC test cycles and all new cars sold in the EU countries have to be
subjected to WLTP test cycle [34]. The test procedure provides a strict guidance regarding
conditions of dynamometer tests and road load (running resistance), gear shifting, total car weight
(by including optional equipment, cargo and passengers), fuel quality, ambient temperature, and
tyre selection and pressure. Three different WLTC test categories are applied, depending on
vehicle class defined by Power-Weight Ratio (PWR):
•
•
•

Class 1 – Low-power vehicles with PWR <= 22;
Class 2 – Vehicles, 22 < PWR <= 34;
Class 3 - High-power vehicles, PWR > 34.

Most cars are categorized into Class 3. Vans and buses belong to Class 2. In each class, there
are 2-4 test cycles designed to represent real-world vehicle operation on urban and extra-urban
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roads and motorways. The duration of each cycle is fixed but the speed profiles are shaped
differently, see Figure 14 [33]. Since WLTP has developed a test cycle for heavy-duty vehicles
(Class 1), it becomes possible to compare the CO2 emissions of the heavy-duty vehicles. In May
2018, the European Commission presented a legislative proposal setting the first CO2 emission
standards for heavy-duty vehicles in the EU, which proposed target values on reducing CO2
emissions of heavy-duty vehicles [35]. For heavy-duty vehicles, the plan proposed a 15% cutting
in 2025 and 30% in 2030 compared with the CO2 emissions in 2019. Although WLTP has replaced
NEDC to better reflect fuel consumption, the fuel consumption indicated with WLTP is relatively
low. For example, the most rapid 0–50 km/h (0–30 mph) acceleration time is 15 seconds. Most
drivers in Western Europe accelerate from rest to 50 km/h (30 mph) in 5 to 10 seconds [34].

(a)

(b)

(c)

Figure 14: Speed profiles of WLTP: (a) class 1, (b) class 2, and (c) class 3.
The U.S. Environmental Protection Agency (EPA) and the National Highway Traffic Safety
Administration (NHTSA) have conducted a series of studies to determine the best way to provide
consumers with simple energy and environmental comparisons across all road vehicle types,
including Battery Electric Vehicles (BEV), Plug-in Hybrid Electric Vehicles (PHEV) and
conventional internal combustion engine vehicles powered by petrol and diesel, in order to help
consumers choose more efficient and environmentally friendly vehicles. Vehicles run on liquid
fuels display MPG (miles per gallon), while vehicles run on other fuel types display petrol-energy
equivalent MPG (or MPGe). On the label, the estimation of miles per gallon is the core element
of the fuel economy information required by EPA. Petrol-equivalent gallon, that is, the amount of
energy in the non-liquid fuel that is equivalent to that in a gallon of petrol, can be derived for each
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fuel type. The conversion ratios between different energy sources are listed in Table 13 [36]. As
shown in Figure 15 [28], the labels include a fuel type identifier in the upper right corner, a fuel
economy statement, a fuel consumption and greenhouse gas rating scale related to all new
vehicles sold in the market, the vehicle’s CO2 emissions in grams per mile, the projected five-year
fuel costs or savings of the labelled vehicle against the average of new vehicles in the market,
and an environmental rating scale for smog-forming pollutants. The vehicle driving range, when
fully fuelled or charged, can be demonstrated on the label, as shown in Figure 15b. Alternative
fuel vehicles (compressed natural gas vehicles and battery electric vehicles and plugin hybrid
electric vehicles) and flexible fuel vehicles (E85-capable vehicles) are included in the system [27,
31, 36-37].
Table 13: Conversion ratio between different fuels.
Fuel

petrol

diesel

biodiesel

ethanol

E85

CNG

Unit

gallon

gallon

gallon

gallon

gallon

100 SCF

kWh/unit

34.02

37.95

35.04

22.37

24.03

28.81

Fuel

H2 gas

H2 liquid

LPG

methanol

Unit

100 SCF

gallon

gallon

gallon

1 gallon =

kWh/unit

8.47

8.94

24.9

16.78

3.785 litres

(a)

(b)

Figure 15: Car energy labelling in the US: (a) petrol and (b) electricity.
The US Environmental Protection Agency (EPA) developed the EPA Federal Test Procedure
(FTP). The procedure was updated in 2008 and now includes four test cycles: city driving,
highway driving, aggressive driving and a supplementary test with air conditioning load. The
speed profile is described in Figure 16a [38], which are marked on the energy label [37]. In Japan,
the JC08 test cycle is used and the speed profile is shown in Figure 16b [39].
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(a)

(b)
Figure 16: Speed profiles of: (a) the US FTP-75 test cycle for passenger cars and (b) the
Japanese JC08 test cycle for light vehicles.
The energy labelling data of road vehicles is highly dependent on the standardized testing cycle,
because in the real world, the working conditions vary very much and the driving behaviours of
different drivers deviate a lot. There are four important testing cycles, WLTP, NEDC, FTP-75 and
JC08. The energy labelling systems in other countries are developed based on one of the four
test cycles. For example, the Chinese automobile fuel consumption label, as shown in Figure 17
[40], is based on the NEDC testing cycle, but the fuel consumption takes the main role instead of
CO2 emissions [40]. Designing a proper standardized testing cycle is essential to reflect the
energy consumption and CO2 emissions. The EPA labelling provides a method to coordinate
different types of fuel consumption by using equivalent fuel consumption. In addition, the projected
five-year fuel energy costs or savings compared to the average new vehicle is an important hint
to attract customers. In EU, the direct labelling method can reflect the CO 2 emissions, but the
indirect method, by pre-classification, provides a way to avoid showing the drawback of some
types of cars. Measuring fuel consumption and CO2 emissions on a test rig is a good measure to
simplify the testing conditions and to get rid of the uncontrollable impacts from environment and
drivers, but this method underestimates fuel consumption.
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Figure 17: The Chinese car energy label.

3.3

AIRCRAFT

The International Civil Aviation Organization (ICAO) has developed two methods to evaluate
aircraft energy efficiency: the old one on fuel per passenger-km basis or fuel per tonne-km basis,
and the new one on CO2 standard metric value (MV) basis. The old one was based on a standard
flying cycle, as shown in Figure 18 [42], which contained the Landing/Take-Off (LTO) cycle
including all activities near the airport below the altitude of 3000 feet (1000 m). This cycle includes
taxi-out, take-off, climb, cruising, landing and taxi-in. The LTO cycle was defined by ICAO in 1993
[41-42].

Figure 18: The standard flying cycle in the old system.
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Now the CO2 standard metric value (MV) has replaced the old method. The new method is based
on cruising only, because in most cases the cruising section covers more than 99% of the effective
travelling distance. Cruising is defined as all activities that take place at altitudes above 3000 feet
(1000 m) without upper limit. Although the take-off, climb and landing phases consume a lot of
energy, the new metric value does not take these into consideration. Since this MV system is
developed for industry and airlines, rather than individual passengers, the artificially lowered value
of CO2 emissions is not unreasonable.
ICAO’s metric value is defined as:
1/𝑆𝐴𝑅

𝑀𝑉 = 𝑅𝐺𝐹0.24

(10)

where SAR (km/kg) expresses the airplane flight distance in km per kg of fuel consumption during
the cruising phase with respect to three loading conditions, and the aircraft’s Reference Geometric
Factor (RGF) (in m2) is an approximation of the pressurized floor area of the aircraft:
Estimated RGF = Cabin width × Cabin length

(11)

For aircraft types with more than one cabin floor, top floor RGF is added to the main cabin area.
In the new method, aircraft seating density, as listed in Table 14 is standardized by type to
eliminate the effect of changing average seat densities. Three gross weights related to the
Maximum Take-Off Weight (MTOW) are considered and calculated according to Table 15.
Table 14: Average seat density of different types of flights.
Type

Seat density (seat/m2 eRGF)

Reginal jet

1.27

Single-aisle

1.48

Twin-aisle

1.05

Table 15: Calculation of three gross weights.
High

Mid

Low

0.92 x MTOW

Average of high and low

(045xMTOW)+(0.63x(MTOW0.924))

Besides the ICAO’s metric value (MV), as defined above, ICAO has also developed a Carbon
Emission Calculator Methodology (CECM) [43] for passengers to easily get informed about the
CO2 emissions of each journey. This methodology is introduced to propose a more robust
estimation of CO2 emissions. The CO2 emissions are usually given on the air tickets. The Carbon
Emission Calculator requires that the user inputs the airports of origin and destination for a direct
flight (i.e. a flight which does not have a change of the flight number). This is then compared with
the published scheduled flights to obtain all the aircraft types connecting the two airports and the
number of departures per aircraft. Each aircraft is then mapped into one of 312 equivalent aircraft
types in order to calculate the fuel consumption for the trip based on straight line distance between
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the two airports. The passenger load factors and passenger to cargo ratios, obtained from traffic
and operational data collected by ICAO, are then applied to obtain the percentage of total fuel
consumption which is attributed to carrying the passengers. An average passenger mass with
baggage is assumed as 100 kg plus a 50 kg add-on mass which accounts for the on-board
equipment and infrastructure associated with passenger usage (for example, the weight of seats,
toilets, galleys and crew). The system then calculates the average fuel consumption for the
journey weighted by the frequency of departure of each equivalent aircraft type. This is then
divided by the total number of economy-class equivalent passengers, giving an average fuel
consumption per economy-class passenger. Because aviation kerosene is used, the result is then
multiplied by 3.16 to obtain the amount of CO2 footprint attributed to each passenger travelling
between the two airports.
Thus, the metric value (MV) system mainly works within industry and airlines, while the Carbon
Emission Calculator Methodology (CECM) only statistically gives passengers a rough estimation
of CO2 emissions for their journeys, nothing about aircraft type and technology improvement, so
it is not a real energy efficiency labelling system or indicator. In contrast, the MV system is an
energy efficiency indicator for different types of aircraft. Normally, aircraft is the least energyefficient form of transport in terms of fuel consumption and has very dense seat arrangement.
The cruising speeds for most commercial aircrafts are quite uniform and most effective travelling
distance is operated at the cruising speed, although considerable amount of fuel is used in takeoff and climbing. To simplify the evaluation of energy consumption and to coordinate different
flying distances, only the fuel consumption during the cruising phase is considered in the metric.
To coordinate the difference in seat arrangements, especially to compensate the capacity loss
due to high number of first-class seats and business class seats, the ‘floor area’ factor which
describes the effective area of the aircraft is used in the metric, and an equivalent high capacity
with the same ‘floor area’ on-board are taken into account. All methods mentioned here are
effective to simplify the operational condition and to artificially lower the energy consumption.

3.4

VESSELS

Maritime shipping is one of the most carbon-efficient form of transport due to its large capacity
and low operational speed. It is far more efficient than road or air transport in terms of fuel
consumption per tonne-km, but it is the most time-consuming form of transportation. Three types
of ships dominate the maritime transport: oil tankers, bulk carriers and container ships. The
International Maritime Organization (IMO) has developed an Energy Efficiency Design Index
(EEDI) [6, 44] applicable to newly-built ships since 2011.
The Energy Efficiency Design Index (EEDI) estimates CO2 emissions per tonne-nautical mile
relative to its operational speed:
𝑃∙𝑆𝐹𝐶∙𝐶𝑓

𝐸𝐸𝐷𝐼 = 𝐷𝑊𝑇∙𝑉

𝑟𝑒𝑓

(12)

where P is 75% of the rated installed shaft power, SFC is the specific fuel consumption of the
engines per unit power, Cf is CO2 emissions rate based on the specific fuel type, DWT is the
ship´s deadweight tonnage, and Vref is the vessel speed at design load. The calculated EEDI is
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based on design specifications and new ships must have lower EEDI than a reference value that
is based on a regression of EEDI values from the existing ships built between 1999 and 2009.
The EEDI regulation applies to new cargo ships greater than 400 gross tons (GT) and varies with
type, size and function. The categories of ships cover oil and gas tankers, bulk carriers, general
cargo ships, refrigerated cargo carriers and container ships. Together, the included ship
categories account for about 72% of the CO2 emissions from the new-build fleet [44]. The
regulation currently does not apply to passenger, mixed-use vessels (ferries, roll-on roll-off ships
or vehicle carriers, and cruise ships), and other low-capacity vessels. The simplicity of the key
variables in the EEDI equation also means that it cannot be applied to ships with alternative
propulsion systems such as diesel-electric system.
The Energy Efficiency Design Index (EEDI) describes the relationship between the CO2 emissions
and the following factors: time, speed, DWT weight and the rated shaft power. In this way, the
issues related to operational speed and distance are solved because the vessels have low speed
and long transport distance. In reality, the CO2 emissions can be higher, because the output shaft
power can be higher than 75% of the rated power.

3.5

RAIL VEHICLES

Railway transport has distinguishing features compared with other transportation modes. Railway
vehicles follow the track - the path is therefore well defined and predictable. The rail vehicles are
usually powered by electricity or diesel. In Europe and Asia, electricity has been widely used to
power railway trains and the share is steadily growing in the past decades, as shown in Table 16
[4]. It makes rail vehicles much different from other transport modes which are powered with fossil
fuels. Globally, the main lines in the world have been electrified and electric traction takes the
dominating role in terms of traffic volume, while other transport modes are just seeking to use
electricity as traction power. More and more electricity is being generated from renewable sources,
as shown in Figure 19 [4]. Electric trains are more environment-friendly and it is easier for them
to follow innovation in the future. Also, due to its large capacity and low running resistance, rail
vehicles have high energy efficiency. Although railway services cannot provide as high flexibility
as road vehicles, i.e. door-to-door service, and its operational speed is lower than aircraft, it has
a good balance between travelling time and cost. With development of technology, energy
consumption for both passenger and freight transport have much decreased in the past decades,
but it seems that the trend of improvement becomes weaker in recent years, as shown in Figure
20 [4].
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Table 16: Comparison of EU28 railway energy fuel shares in 1990 and 2015.
Energy mix by source

1990

2015

Oil products

47.6%

31.8%

Coal products

2.5%

0.2%

0%

0.4%

Electricity

49.9%

67.6%

Electricity (Fossil)

28.4%

29.2%

Electricity (Nuclear)

15.4%

18.1%

Electricity (Renewable)

6.1%

20.3%

Biofuels

Figure 19: Evolution of electricity production in the world from 1990 to 2015.

Figure 20: Railway energy consumption on average for passenger and freight traffic in
the world from 1975 to 2015. Unit in kJ/pkm and kJ/tkm.
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Improving energy efficiency and reducing CO2 emissions has globally become important. Even
though rail transport has high energy efficiency and often low CO2 emission density, rail transport
only takes 9% of the total traffic volume, as shown in Table 17 [4]. All other transport modes
except railways have developed energy labelling systems or energy efficiency indicators to show
the energy efficiencies of products in relevant fields and set up long-term goals to control energy
consumption and to reduce CO2 emissions. However, for rail vehicles there is currently no
coordinated energy efficiency indicators or energy labelling system.
To promote rail transport, some train operators have individually developed and provided their
passengers with CO2 footprint of their trips, which is based on statistics of average energy usage
and distance-related [45-46]. For example, in response to France’s Grenelle environmental
legislation, which asks all transport operators to provide information on the CO2 footprint for their
services, the French train operator SNCF has developed a CO2 footprint calculator and provides
this information on its ticket booking system, as shown in Figure 21 [45]. It is based on the
travelling distance of the journey and the average amount of CO2 emissions per kilometre of train
type (TGV, Intercités, TER and Transilien). The average CO2 emissions are calculated according
to the statistics of energy consumption of the type of trains plus a predefined CO2 emission factor
per energy type. Similarly, the German train operator DB has also developed a CO2 footprint
calculator, as shown in Figure 22 [46]. It is also a distance-based calculator, but it also provides
CO2 emissions information of other modes of transport, which makes direct comparison possible.
The average CO2 emission density of each transport mode is provided by Institut für Energie- und
Umweltforschung (IFEU). Since this kind of CO2 footprint calculators only statistically give
passengers a rough estimation of CO2 emissions for their journeys and cannot reflect any energy
CO2 efficiency of the rail vehicles used, the same function as CECM for aircrafts, it is not a real
energy efficiency labelling system or indicator.
Table 17: EU28 transport modal share in volume in 2015.
Transport mode

Passenger PKM

Freight TKM

Total (TU)

Road

82.2%

58.8%

71.5%

Aviation

9.9%

0.1%

6.6%

Navigation

0.3%

37.2%

12.9%

Rail

7.6%

11.9%

9.0%
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Figure 21: CO2 footprint information provided by SNCF: CO2 emissions for the trip.

Figure 22: CO2 footprint information provided by DB: CO2 emissions for the trip
compared with other modes of transport.
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Compared with other modes of transport, railway transport has the following features:
•
•
•
•
•
•
•

Fairly well-defined operational conditions and well-regulated driving behaviour
Wide range of operational speed
High capacity (in terms of passengers and tonne)
Comfort and safety (large space, auxiliary equipment, entertainment system, dedicated
track)
High train energy consumption, but low per passenger or per unit of weight.
Wide sources of energy supply (coal, diesel, nuclear, wind, hydro)
Advanced energy saving techniques (regenerative braking).

Rail vehicles operate on dedicated railway tracks which support and guide the vehicles, making
the vehicles less disturbed by others. In contrast, the driving courses of road vehicles are full of
uncertainties, because the drivers can fully control steering, acceleration and retardation on their
own and the travelling courses of road vehicles are only slightly limited by pavement. For aircrafts
and vessels, their operations are highly defined by the locations of airports or seaports, but the
routes between the two locations can deviate a lot according to the weather conditions. For rail
vehicles, the information about the driving conditions between two given stations are almost fully
given, such as the exact travelling course, gradients, curves, tunnels and speed limit at each
section. Compared with other modes of transport, rail vehicles are less influenced by
environmental factors. Except for some extreme weather conditions, wind, rain and temperature
have little impact on railway operation itself. All rail vehicles and railway infrastructures belong to
enterprises, organizations or government, rather than private ownership, so systematic rules and
regulations are strictly enforced. Signalling systems and other control/surveillance systems make
the driving process more uniform. All train drivers are professional and well-trained. Therefore,
the driving behaviour and working conditions of rail vehicles are simpler and more coordinated
than for other transport modes.
According to operational speed and transport form, railway services are classified into four main
categories in the FINE-1 project of the Shift2Rail research programme [47]:
•
•
•
•

High-speed (300 km/h, 250 km/h and intercity 200 km/h)
Regional (160 km/h and 140 km/h)
Urban (Suburban 120 km/h, metro and tram)
Freight (Freight mainline and freight shunting)

For determination of train energy usage and to support energy improvement, the main operational
conditions for each category is defined in [47] and the line speed profile for each category and
sub-catenary is shown in Figure 23 [47]. All the working conditions, i.e. speed, stops, gradients,
running distance and timetable, are statistically extracted from real working conditions of EU
railways and are generally representative. The state-of-the-art technology, as shown in Table 18
[48], defines loading condition, length and yearly operation with respect to each sub-category of
rolling stock. Although each operational condition cannot reflect any real case, the operational
conditions can be assumed to be standardized according to the given conditions, which should
have similar function as the test cycles for road vehicles. The state-of-the-art technology of rail
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vehicles provides key references in calculation of energy consumption and efficiency for each
sub-category.

(a) Service profile of high-speed 300 (line speed, no gradient)

(b) Service profile of high-speed 250 (line speed, no gradient)

(c) Service profile of intercity 200 (line speed, no gradient)
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(d) Service profile of regional 160 (line speed, no gradient)

(e) Service profile of regional 140 (line speed, no gradient)

(f) Service profile of sub-urban 120 (line speed, no gradient)
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(g) Service profile of metro (line speed, no gradient)

(h) Service profile of tram (line speed, no gradient)

(i) Service profile and gradient of mainline freight train (line speed with gradient)
Figure 23: Service profiles of sub-categories in rail vehicles.
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Table 18: Vehicle modules and components in the state-of-art technology.
Service category
Parameter

Regional

High
Speed
250

Regional Regional
160
140

High
Speed
300

Train
configuration

EMU

Max. train
speed [km/h]
Length [m]

300

No. of seats
km per year

High Speed

250

Loco
and
coaches
200

Suburban

EMU

160

Metro

Freight
Tram

EMU

140

Mainline Shunting

120

80

50

Loco
and
wagons
120

Loco

40

200

110

75

112

94

32

326

460

300

230

200

186

64

-

-

100000

160000

90000

Loco:
100000
Wagon:
30000

30000

400000

Energy
supply
Propulsion
system

Intercity

Urban

350000

200000

150000

100000

Electric

Electric

Electric or diesel

Electric

Electric

Diesel

Distributed

Concentrated

Distributed

Distributed

Concentrated

Concentrated

yes

yes

yes

yes

yes

no

8

6

3

6

1

IGBT

IGBT

IGBT

IGBT

IGBT

-

Induction
motor

Induction
motor

Induction
motor

Induction motor

Induction
motor

Diesel

Gearbox

yes

yes

yes

yes

yes

yes

Energy
storage
system
Driver
assistance
system
(DAS)

no

no

no

no

no

no

yes (only vehiclebased)

no

yes (only vehiclebased)

no

no

no

Energy
recovery
Power [MW]
Converter
type
Motor type
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4 CONCLUSIONS
Recently, the world has more and more concern about environmental issues. Saving energy and
reducing CO2 emissions are the top issues among them. In response, energy labelling is
established to the targeting customers, which can encourage the development and application of
these technologies, restrict the usage of inefficient products and raise people’s awareness of
energy-saving. In some sectors, especially for household products, energy labelling systems have
been developed for two or three decades and significant achievements in improving energy
efficiency and developing advanced technology have been made. Other transport modes except
for railways have started working on this issue and built up some targets to improve energy
efficiencies, while there is no such effort made in rail transport up to now. This report made a
review on the existing energy labelling systems or energy efficiency indicators and studied the
feature and methodology of them, which can be useful to build up a suitable energy labelling
system for railway rolling stocks. For example, in reality there are uncertainties about operating
conditions, equipment options, climate, and human behaviour, all of which can significantly affect
the energy consumption and make energy usage deviate very much. It is necessary to have a
good understanding about how to deal with these uncertainties in their energy labelling systems
in other sectors. Establishing a proper energy labelling system is a long-term work, which has to
meet all stakeholders’ interests, and needs both frequent updating in response to feedbacks in
practise and technology development. Hopefully, this study can be useful for the development of
energy labelling system for a rail vehicles in the future.
Further information about energy labelling proposal for rail vehicles can be found in External
market, normative and internal requirements analysis for eco-labelling proposal [48].
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