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Reduction in vehicle weight can signiﬁcantly reduce energy use in human transportation. However, to
gauge efﬁciency, energy use and weight for a particular vehicle should be related to the number of
people being transported while currently there is no convenient means to assess this. Here we statistically analyse the weight, energy consumption, carrying capacity and occupancy level for automobiles,
buses, high-speed trains and aircraft. Based on the analysis and inspired by the medical body mass index
 n
Wtv
, for the ﬁrst time enables
(BMI), we have proposed a vehicle mass index (VMI), deﬁned as I ¼ A W
tp
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energy efﬁciency assessment of different transportations on a global scale, where n a weight sensitivity
parameter and A the energy efﬁciency constant of a theoretically weightless vehicle. We show the VMI
ranges and conclude the signiﬁcant vehicle weight reduction windows to achieve their index lower
limits. The possible limits for the VMI and the associated A and n values are also assessed. The concept of
VMI could form the basis of a worldwide standard, useful in the current drive for a greener economy.
© 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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Vehicle Mass Index (VMI)
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also been developed by the International Civil Aviation Organizations [27] to gauge fuel use for different types of aircraft. Such
metrics were further improved to rank the CO2 intensity of commercial aircraft in proportion to emissions per seat kilometre ﬂown
for a single continuous line [28,29]. All the relevant work has made
great contributions to the light-weight progress, building optimized design and evaluation methods for better reduction in energy consumptions and emissions. However, each publication has
dealt with a speciﬁc transportation type whereas a universal
vehicle mass index that enables comparison of all vehicle types is
required to obtain an all-encompassing evaluation.
Probably the most well-known global index is the medical Body
Mass Index (BMI) [30]. This is based on a person's height, weight
and fatness and relates to large populations [30,31]. The pioneer of
BWI is Adolphe Quetelet, who demonstrated that weight increases
with the square of height and developed the well-known “Quetelet

1. Introduction
Growing concerns about escalating energy usage and CO2
emissions require manufacturers of vehicles to ﬁnd new ways to
reduce their fuel consumption [1e3]. Reducing vehicle weight is
one of the most effective ways to achieve this goal [4,5]. According
to the weight reduction report, for high-speed rolling stock [6],
aircraft [7] and automobiles [8], a 20% weight reduction could lead
to about a 10%e16% increase in fuel efﬁciency [9e11]. For instance,
modern-day aircraft, such as the Boeing 787, are 20% lighter than
similar aircraft types due to the use of lightweight materials, and
such weight savings results in fuel efﬁciency increases in the order
of 10e12% [7]. Long-distance passenger trains could save 4% energy
consumption for every 10% weight reduction and the energy savings could be 8% for subways and urban trains, according to the
2011 ﬁnal report from IFEU (“Institute for Energy and Environmental Research”) [12]. Similar beneﬁts are also applied to automobiles. For example, 20% reductions in the gross weights of
Finnish pre-Euro vehicles show a ~13% decrease in fuel consumptions when driving on freeﬂow rural roads. The fuel reductions
could be up to ~16% when driving on saturated or urban roads [13].
For full electric vehicles, for example, the Tesla cars, the EPA driving
range could extend from 220 miles to 280 miles with their vehiclespeciﬁc power (battery capacity/vehicle weight) increasing from
0.03 to 0.04 kWh/kg [14]. That translates to a 27% extension in the
EPA driving range for a 25% reduction in vehicle weight, indicating
the importance of weight reduction for electric cars. Provided with
such substantial beneﬁts from weight reductions, signiﬁcant
research is being performed to develop new technologies for
manufacturing lightweight components at acceptable costs, for
instance, HFQ® [15], double ram extrusion technology [16], multimaterial light-weight gear forging [17].
Although manufacturing industry, in general, is devoted to
accelerating the progress of light-weighting [18], there is no integrated analysis comparing the current status of weight, energy
consumption and capacity for different types of transportation.
More importantly, there is lacking any clearly deﬁned vehicle mass
index (VMI) to quantify weight levels from an energy efﬁciency
perspective and to enable an integrated comparison between
different transportation types. In coming decades, fossil fuelderived energy will disappear to create a ‘zero emissions’ future,
as has been already regulated for EU cars by 2035. However, green
energy supply for the moment is less than hoped for. Reference to
vehicle weight, energy consumption and carrying capacity can
provide a useful indication of its efﬁciency and environmental
impact, to enable a ‘best choice’ of transportation and hence a
better and sustainable development.
Previous efforts have been made to evaluate trends of the
vehicle energy consumptions and weight reductions for transportation [13,19,20]. Das et al. [21] predicted a cumulative energy
saving of 6.1 billion GJ through light-weighting U.S. light-duty vehicles for 2017e2025. Ofﬁcial reports from the white paper [22] and
transport paper [23] also conﬁrmed an annual fuel burn reduced by
1.3% for commercial jet aircraft due to the use of lightweight materials. Attempts have been made to develop a cost-related or
safety-based index. For example, Hofer, et al. [24] studied the effect
of weight reduction on the energy use and cost of conventional
vehicles and proposed cost-related formula for the determination
of the optimum weight reduction for a minimized cost. Mayyas
et al. [25] proposed a life cycle assessment based on lightweight
design approach to assess the performance of automobile body-inwhite. Lee et al. [26] developed an energy consumption formula as
a function of ﬂight parameters, including the weight of fuel,
payload, seat, ﬂight speed and lift to drag ratio, for aircraft. Metrics
of fuel efﬁciency with respect to the maximum take-off weight has

Index” (QueteletIndex ¼

Weight ðkgÞ
).
Height ðmÞ2

His index was ascribed no

medical signiﬁcance until 1972, when Ancel Keys (1904e2004)
noticed that this ‘normally-distributed’ weight standard can be
used to quantify an ‘ideal’ weight standard [32]. He showed that
there is an approximately linear relationship between body fat
percentage and the Quetelet Index, which was then renamed, ‘Body
Mass Index’ (BMI). It is now widely used in routine physical examinations throughout the world.
Inspired by the BMI, in this paper, we integrate analysis of
weight, energy consumption and passenger capacity for automobiles, buses, high-speed trains and aircraft. Normalising the data
using passenger numbers enables a uniform comparison of these
transportation modes. Based on this analysis, we deﬁne a unique
physical-based vehicle mass index (VMI), I, which enables global
assessment of the energy efﬁciency for all vehicle types for the ﬁrst
time. Ranges of VMI values for the analysed transportation types
are presented together with estimates of the practically feasible
minimum and maximum weights for automobiles and aircraft. The
VMI could be widely applied to large populations of vehicles within
each type for comparison and assessment of energy efﬁciency.

2. Weight per person and normalized energy of
transportations
In this section, vehicle total weight per passenger carried, and
the normalized energy (i.e. the energy used to carry a passenger for
1 km) for bus/coach, automobile, aircraft and high-speed train are
presented. The vehicle total weight per carrying passenger is
deﬁned as


Wtv

ðaNÞ ¼

Wc þ aN,Wp
aN

(1)

where Wtv is the vehicle total weight, including both the vehicle
curb weight, Wc , and total passenger weight, Wtp . The total passenger weight is a product of the average passenger weight, Wp ,
and the carried passenger number, aN, where a is the average occupancy level of a vehicle and N the designed seat capacity. The
normalized energy, En , is deﬁned as

En ¼

Et

aN

(2)

where Et is the total energy consumption of a vehicle for travelling
1 km, aN is the number of passengers carried.
Fig. 1 presents the ranges and average values of total weight per
person ( Wtv =ðaNÞ) and normalized energy (En ) for six transportation modes both at their current average seat occupancy levels
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J.-H. Zheng, J. Lin, J.M. Allwood et al.

International Journal of Lightweight Materials and Manufacture 4 (2021) 423e433

Fig. 1. Total weight per person (W tv =ðaNÞ) and normalized energy (En ) for six transportation modes at their average seat occupancy levels, a, (i.e. a ¼ 1, 1, 0.68, 0.32, 0.72 and 0.44
for walking, cycling, bus & coach, automobile, aircraft and high-speed train, respectively) and at their full seat capacity (i.e. a ¼ 1 for all types, and values are given in brackets).

(a ¼ 1, 1, 0.68, 0.32, 0.72 and 0.44 [33] for walking, cycling, bus &
coach, automobile, aircraft and high-speed train, respectively). The
values in brackets are calculated based on the full (designed) seat
capacity (i.e. a ¼ 1 for all transportation types). ‘Ave’ represents the
average value calculated for each transport mode. The Wtv =ðaNÞ
value is derived assuming an average person weight, Wp , of 65 kg.
Data and their sources are given in appendix A.
Considering the current average seat occupancy levels, walking
and cycling, which require only human effort, have the lowest Wtv =
ðaNÞ values of 65 kg and 79 kg, respectively. For energy-driven
transportations, bus/coach has the lowest Wtv =ðaNÞ values, ranging
from 309 to 640 kg/person with an average value of 516 kg/person.
The Wtv =ðaNÞ values are also low for aircraft with an average value of
633kg/person. This may be due to both the high seat capacity and the

relatively high seat occupancy levels (0.68 for bus & coach and 0.72
for aircraft). The average Wtv =ðaNÞ value for automobile is around 2
times higher (average 1141 kg/person) than those of bus&coach due
to the low designed seat capacity and low seat occupancy level used
by the passengers in real life. According to European Environment
Agency (2015), the average seat usage is only 1.6 per automobile
(occupancy level: 0.32). Hence the Wtv =ðaNÞ values are high for
automobiles compared to those of bus and aircraft. High-speed train
is the ‘heaviest’ among these vehicles, ranging from 1727 to 3420 kg/
person with an average Wtv =ðaNÞ value of 2352 kg/person at the
average occupancy level, which is around 2e4 times higher than
those of other energy-driven transportation modes.
If the transportation vehicles are used at their full seat capacities, where the values are shown in brackets in Fig. 1 for a ¼ 1, the
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Wtv =ðaNÞ values reduce signiﬁcantly for all energy-driven transportations. Bus&coach maintains the lowest Wtv =ðaNÞ values
among the four transportation types with the range of 210e435 kg/
person and an average value of 351 kg/person. High-speed train
retains the highest Wtv =ðaNÞ values, ranging from 760 to 1505 kg/
person, which is still 2e3 times higher than others and with an
average value of 1035 kg/person. The largest change is the automobile, where their Wtv =ðaNÞ values fall to 235e565 kg/person and
become similar to bus& coach (i.e. 210-435 kg/person) and slightly
lower than aircraft (i.e. 253-597 kg/person). This indicates the
weight per passenger of the automobile could be comparable to
that of public transportation if the seat capacity is fully occupied.
The values of normalized energy, En , for the vehicles are also
shown in Fig. 1. At the current average seat occupancy levels, bus
& coach (0.37 MJ/(person$km)) and high-speed train (0.45 MJ/
(person$km)) have similar average values, and are the most
energy-efﬁcient ones with low normalized energies. The En value
for automobile (i.e. 0.94 MJ/(person$km)) is around 2 times
higher with a wide range of 0.31e2.53 MJ/(person·km) compared
to high-speed train. The highest average En is the aircraft (1.39
MJ/(person$km)) though provided with a high seat occupancy
level. A signiﬁcant characteristic is the low energy consumption
of high-speed train. Although, amongst the four modes, the Wtp =
ðaNÞ values of the high-speed train are highest, their En values
are low.
When the vehicles are used at their full capacity, the average En
values for bus, automobile and high-speed train become very low,
only around 0.20e0.30 MJ/(person$km), while aircraft is still the most
energy-consuming way for travelling with a high value En of 1.00 MJ/
(person$km). It may be noted that the average En value of the aircraft
at its full seat capacity (i.e. 1.00 MJ/(person$km)) is even higher than
those of other transportation types at their current seat occupancy
levels (i.e. 0.37 MJ/(person$km) for bus, 0.94 MJ/(person$km) for
automobile, and 0.45 MJ/(person$km)) for high speed train. This
implies that, from the energy consumption perspective, aircraft seems
to be the least recommended transportation mode for travelling.
However, considering its cruise speed (~900 km/h for aircraft), which
is around 3 times higher than that of the high-speed trains (~300 km/
h), 7e18 times higher than the automobiles (~50 km/h in city and
~120 km/h on highway) and 22 times higher than the buses (~40 km/
h in city), aircraft is still very competitive, especially for long-distance
journeys, although its energy efﬁciency is low.
Fig. 2a shows variations in Wtv =ðaNÞ and En values for different
transportation modes at their current average occupancy levels.
Wtv =ðaNÞ values for bus/coach and aircraft are the lowest among

the four types of transportation modes. Overall, each person accounting for 309e829 kg of the total vehicle weight. A slight
decrease in the Wtv =ðaNÞ value occurs for bus&coach with the increase in seat capacity from 44 to 84. However, this trend does not
apply to aircraft, where increasing seat capacity increases Wtv =ðaNÞ
values. Generally, long-haul aircraft (e.g. Airbus A330, Boeing 747,
787) have a larger capacity (e.g. 200e500) and ﬂy at a haul distance
of >4000 km while short-haul aircraft (e.g. Airbus A319, Boeing
737) have a smaller capacity (e.g. 89e300) and ﬂy at a haul distance
of 1500 km. The collected data shows that an increase in seat
capacity with haul distance requires heavier aircraft and higher
Wtv =ðaNÞ values. Automobiles have a relatively ﬁxed seat capacity
of 5 and high Wtv =ðaNÞ values in the range of 734e1765 kg/person.
Such relative dispersed distribution includes small passenger cars
and SUVs. The Wtv =ðaNÞ values are extremely high for high-speed
trains. They also vary greatly in the range 1727e3420 kg/passenger due to the different functions: only seats on day trains and beds
on night trains which results in higher Wtv =ðaNÞ values, as for the
Zeﬁro 250 sleeper [34].
Fig. 2b shows variations in the normalized energy, En, at their
current average seat occupancy levels. Bus&coach and high-speed
train have a moderate and high capacity, respectively. They are
the most energy-efﬁcient ones with low normalized energies
ranging from 0.15 to 0.73 MJ/(person$km). The seat capacities for
aircraft locate between bus&coach and high-speed train, while
their En values are around 2e3 times higher than those of highspeed train and bus&coach, ranging from 0.94 to 1.74 MJ/(person$km). For automobile, it has the widest range from 0.31 to 2.53
MJ/(person$km) due to different fuel types. Electric/hybrid automobiles (grey triangles) are generally more energy efﬁcient with
low En values (1.10 MJ/(person$km)) compared to those of diesel
and petrol automobiles. It may be noted that at the current seat
occupancy level (i.e. a ¼ 0.32), the En values of some automobiles
are even higher than those of aircraft, making these automobiles
the least energy-efﬁcient transportation modes. However, if pushing the automobile seat usage level to its maximum (a¼1), their En
values could be reduced to <0.81 MJ/(person$km) and became
comparable to that of buses and high-speed trains. This indicates
the energy efﬁciency of automobiles can be signiﬁcantly improved
by increasing their seat usage. One realistic example is the ridesharing that we use in our daily lives. Overall, electrically driven
vehicles, i.e. electrical cars, some buses and high-speed trains,
consume normalized energy below 1.10 MJ/(person$km), which is
less than those of fuel-driven vehicles, up to 2.53 MJ/(person$km),
and are more recommended for travelling.

Fig. 2. Variations in W tv =ðaNÞ and En for different vehicle types at their current average seat occupancy levels. a, Wtv =ðaNÞ for each vehicle type. b, En for each vehicle type. Note
that ‘a’ represents the current average occupancy level for each vehicle type.
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Fig. 3. Relation of energy consumption to weight. a, Energy consumption vs. total vehicle weight. b, En vs. Wtv =ðaNÞ considers the average occupancy level, a, for each vehicle type.

modes experience normalized energy of 0.2e1.8 MJ/(person,km).
Bus&coach, automobile-electric and high-speed train are more
energy-efﬁcient than others at their current average occupancy
level, a, with most of the En values are below 0.5 MJ/(person,km).
Although the points for En vs. Wtv =ðaNÞ relation are crowded, it can
still be perceived that normalized energy increases with Wtv =ðaNÞ
value for each transportation type.

3. Energy to weight relations
Relations between energy and weight are shown in Fig. 3. This
illustrates the beneﬁt of achieving reduced energy consumption by
reducing vehicle weight. For energy vs. total weight in Fig. 3a,
heavier vehicles consume more energy per km travelling for individual vehicle types, and all plotted points can be approximated to
a linear relation on a log-log scale. High-speed trains and aircraft
locate at the top-right corner and are the heaviest among other
transportation types with their total weight ranging from 200 t to
900 t and 37 t to 280 t, respectively, based on the collected
data set. The total energy consumptions are also high, up to 643 MJ/
km for aircraft and 242 MJ/km for the high-speed train. Though the
total energy consumption of aircraft is around 10 times higher than
that of the high-speed train at a same weight level, they both follow
linear relations. The automobiles present at the bottom left region
with their total weights around 730e2600 kg and total energy
consumption around 0.5e4.0 MJ/km, according to the mile per
gallon (mpg) values based on their speciﬁcations. Though the data
is a bit crowded, it can still be seen that the total energy consumptions increase with the total weights for different fuel types.
Bus&coach stays in the middle region with a total weight of around
12 t to 18 t. In general, points for electrical driven vehicles (i.e.
automobiles-electric and high-speed trains) are slightly lower than
the average line while those for fuel-driven vehicles are slightly
higher, indicating better energy efﬁciency for electrical driven
vehicles.
The normalized energy vs. total weight per person at their
current occupancy level is plotted in Fig. 3b. Most transportation

4. Methodology of the vehicle mass index development
This section focused on the development of the VMI, which is
inspired by the BMI. The key aspects of BMI are: (i) body fat percentage is a metric for evaluating human health level. (ii) BMI relates linearly to body fat percentage so that important conditions
are readily identiﬁed by the index. For instance, a body fat ranging
between 18% and 25% in men and 25% and 32% in women translate
to BMI of <18.49 underweight and 25 overweight for both women
and men (Word heath organization, 1995). This is shown graphically in Fig. 4. Linear relationships vary for different age and gender
groups [32,35]. (iii) BMI is a function of weight and height. Hence,
using two easily measured dimensions, a BMI value is obtained to
indicate health level. The world health organization (WHO) standard equation is [30], BMI ¼

weight ðkgÞ
.
height 2 ðm2 Þ

Similar considerations were employed in constructing VMI as
follows: (i) The purpose is to provide a universal means for evaluating energy efﬁciency of any mass transport vehicle. The
normalized energy, which is the energy required per passenger for
travelling 1 km is taken as the metric for evaluating efﬁciency. (ii)

Fig. 4. Correlation between body fat percent and BMI [35]. Underweight with BMI < 18.49, normal weight with BMI in the range of 18.50e24.99, overweight with BMI  25.00 for
both men and women [30].
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normalized weight. The lowest n value for aircraft indicates its
lowest energy sensitivity to the weight change, while its highest A
value shows that the highest normalized energy is consumed for a
given normalized weight.
Based on the above analysis, the Vehicle Mass Index, I, is deﬁned
as:

VMI shall relate linearly to the normalized energy to enable energy
efﬁciency to be identiﬁed by the index. Besides, VMI shall enable
one linear relationship for all vehicle types, providing a means for
their global comparison. (iii) VMI should be a function of easily
measured key parameters. Knowing that energy consumption is
related to total vehicle weight, VMI is then deﬁned as a function of
total vehicle weight, total seat capacity and the occupancy level,
which are three easily measured key features based on the design
and the use of the vehicle.
A normalized weight, R, which is deﬁned as the ratio of total
vehicle weight, Wtv , divided by the total passenger weight, Wtp , is

R¼

Wtv Wc þ aN,Wp
¼
Wtp
aN,Wp

I ¼ ARn

where I equals En . Plotting En vs. I using the determined n and A
values for the current average occupancy level in Table 1 gives a
single linear relationship for all vehicle types with the consideration of occupation level, as shown in Fig. 6. The correlation coefﬁcient to linearity is 0.86, indicating acceptable ﬁtting.
Normalized energy can be seen to increase with I values for all
transportation types. Electric driven automobiles, high-speed
trains and bus & coach are located at the bottom left corner with
low I and En values, indicating better energy efﬁciency, while
aircraft are located at the top right corner with high I values.
Automobiles-petrol and -diesel spread in the middle ranges. Using
the vehicle mass index, the normalized energy can be directly
evaluated from vehicle weight, seat capacity and occupancy levels.
Such index also enables direct comparison of the energy efﬁciency
between different transportation types using the determined corresponding A and n values.

(3)

where a ¼ 1 means the fully loaded condition.
Plotting normalized energy, En , against the normalized weight,
R, on a log-log scale (Fig. 5) with the consideration of their current
average occupancy levels, a linear relation is identiﬁed for each
vehicle type, which can be approximated by the expression:

En ¼ ARn

(5)

(4)

where R  1. R ¼ 1 represents a theoretically weightless vehicle.
The slope of each best ﬁt line, n, is the weight sensitivity exponent
and is related to the power efﬁciency of a vehicle at the given occupancy level. A high value indicates that energy consumption increases signiﬁcantly with weight increase. n ¼ 0 is not possible as
weight always affects energy consumption in practice. Intercept A
(where R ¼ 1) is related to the minimum energy efﬁciency of the
theoretically weightless vehicle for each vehicle type at the given
occupancy level.
Values of n and A extracted from the best ﬁttings in Fig. 5 with
the consideration of current average occupancy level for each
vehicle type are listed in Table 1 n and A values for a ¼ 1 are also
determined using the same method from the best ﬁttings of En vs. R
plot, and the values are also provided in Table 1 in brackets. Overall,
land vehicles have higher n values but lower A values than that of
aircraft. This indicates the reduction in energy consumption for
land vehicles is more sensitive to weight reduction, while and the
energy consumption is less than that of aircraft for a given

5. Evaluation of the lower boundary of I for automobiles at
the current average occupancy level
In this section, a method for determining the VMI for the minimum possible weight for a real-world automobile is developed. A
practically acceptable automobile has three critical stability characteristics: (i) controllable acceleration and braking, (ii) controllable cornering and (iii) crosswind stability [36]. Reducing
automobile mass increases achievable braking and acceleration
rate [37,38] and cornering velocity [39]. Therefore, characteristic
(iii) is focused on examining the minimum weight necessary to
obviate either rollover or slip in a crosswind.
According to the Lateral Load Transfer Ratio method [40], the
threshold value for rollover is expressed in Eqn. (6)

LLTR ¼

jN1  N2 j
2½0; 1
N1 þ N2

(6)

where N1 and N2 denote vertical supporting forces on the left and
right supporting wheels.
An LLTR value of 1 indicates the critical state for rollover, where
one of the supporting forces equals 0. N1 and N2  0 are the
boundary conditions to prevent rollover. From stress and moment
analysis under windy conditions [41], the weight criteria to prevent
rollover have been determined in Eqn. (7). The boundary condition
to prevent slip under windy conditions is related to whether the
friction force can resist the resultant of wind and centrifugal force.
The weight criteria to prevent slip is given in Eqn. (8). The detailed
analysis is provided in Appendix B.

Fig. 5. Normalized energy, En , vs. normalized weight, R, with the consideration of the
current average occupancy level, a, for each vehicle type. The a value for each vehicle is
given in the ﬁgure legend. The normalized energy approximately linearly increases
with the normalized weight for each vehicle type on the log-log scales. The dash lines
are the best ﬁttings for each type and the slope, n, presents the sensitivity of the
weight on the normalized energy.
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Table 1
The determined weight sensitivity exponent, n, and the energy efﬁciency constant, A, for different vehicle types with the consideration of their current average occupancy
levels. The values in the brackets indicating the values determined with a ¼ 1, i.e. the designed full seat capacity of the vehicles.

n ()
A (MJ/(person$km))
Current average occupancy level

Automobile-Petrol

Automobile-Diesel

Automobile-Electrical

Bus & Coach

High-Speed Train

Aircraft

0.71
(0.74)
0.17
(0.10)
0.32

0.71
(0.82)
0.12
(0.07)
0.32

0.74
(0.82)
0.04
(0.03)
0.32

1.47
(1.62)
0.02
(1.50e-3)
0.68

0.83
(0.87)
0.02
(1.84e-3)
0.44

0.57
(0.60)
0.39
(0.31)
0.72

Cs (¼1.90 [42] for cars) is the aerodynamic coefﬁcient, r
(¼1.225 kg/m3) the air density, vwind (¼17.2 m/s, windy level 8) the
wind velocity, S the projected area normal to the wind force, B the

width between two wheels and h the centroid height, v the automobile velocity, r the cornering radius, g (¼9.80 m/s2) the gravity
acceleration, m (¼0.50 for dry asphalt) the friction coefﬁcient between tyres and road.
The Toyota RAV4 (Petrol) with a curb weight of 2130 kg is used
as a case study. Dimensions and weight of Toyota RAV4 were taken
from Toyota RAV4 speciﬁcation [43], and the projected area of the
Toyota RAV4 was estimated as 34,height,weight. Relevant dimensions are S ¼ 5.81 m2, B ¼ 1.86 m and h ¼ 0.56 m. Taking
straight driving (r¼inﬁnity) at the average occupancy level as the
case study, calculation shows: Wc  304 kg to prevent slip, and
Wc  20 kg to prevent rollover. Therefore, the lower curb weight
limit is 304 kg, which is much less than the current curb weight of
2130 kg of the vehicle. This indicates that neglecting other factors,
the car could be much lighter whilst remaining drivable.
Substituting Wc ¼ 304 kg into VMI yields Imin ¼ 0:45. Compared
with the current I value of 1.46, there is a huge potential for weight
reduction of the vehicle to reduce energy usage.
6. Results and discussion
Fig. 7 provides an overall summary of the determined VMI for the
analysed vehicle types. Fig. 7a shows VMI ranges for various transportation types at their current average occupancy levels. Overall,
the investigated I values range from 0.15 to 1.62 with lower VMI
representing greater energy efﬁciency. Electrically-driven vehicles

Fig. 6. Relation between normalized energy, En , and vehicle mass index, I, at the
current average occupancy level for six vehicle types. The dashed line presents a 1:1
increase in the normalized energy with the vehicle mass index. I values are calculated
using the curb weights, the corresponding average occupancy level, and the determined A and n values in Table 1.

Fig. 7. Vehicle mass index, I, values for various vehicle types. a, Ranges of vehicle mass index for the analysed vehicle types at their current occupancy levels. Aircraft Boe 747 and
automobile Toyota RAV4 are taken as two examples to show their current I values and possible limits on the scale. b, Relations of I to vehicle curb weight, Wc , and occupancy level a;
for aircraft and automobile-petrol. Note that the I values are calculated using Eqn. (5) with the determined A and n values for the corresponding occupancy levels.
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is the weight sensitivity parameter. Aircraft have the highest
vehicle mass index I values, up to 1.62, while bus& coaches
have the lowest values, with a minimum of 0.15, at their
current average occupancy levels.
(ii) The I value and normalized energy decrease exponentially
with the reduction in vehicle curb weight and the increase in
occupancy level. For diesel automobiles, I ranges from 0.65 to
1.06 corresponding to a curb weight of 1005e2092 kg,
respectively. A signiﬁcant window to reduce energy consumption through weight reduction is apparent.
(iii) An assessment of the upper and lower boundaries for the
VMI from simple dynamics analysis shows, in theory, I value
for the automobile Toyota RAV4 could be reduced from its
current value of 1.46 to 0.45. This would lead to 70% energy
saving on the road. Calculation for the Boeing 747 for
example gives its current I value as 1.48 and the upper limit
as 2.22.
(iv) Aircraft have the highest value of energy efﬁciency parameter A (0.39 MJ/(person,km)) and lowest energy sensitivity
value n (0.57). The energy efﬁciency of land transportation is
more sensitive to weight reduction with higher n values
(>0.7).

have lower VMI values compared with fuel-driven vehicles. Aircraft
and some automobile-petrol models are the least energy-efﬁcient
ways for travelling, while buses and coaches have the highest energy efﬁciency at their current occupancy levels. Taking automobilediesel as an example, I ranges from 0.65 to 1.06 and the corresponding curb weight range is 1005 kge2090 kg. Such large weight
disparity in current passenger diesel cars indicates a signiﬁcant
window exists for weight reduction to increase energy efﬁciency.
The calculated lower bound value of I at the current average
occupancy level for the Toyota RAV4 (Automobile-petrol) is 0.45
with the corresponding curb weight of 304 kg, while the current
model has an I value of 1.46 and 2130 kg curb weight. This example
is annotated on Fig. 7a and indicates an existing large window of
opportunity for reducing automobile weights before reaching their
VMI lower limits if physically possible. There is no lower limit of
VMI value for aircraft, but an upper limit exists based on take-off
thrust-to-weight ratio. Boeing 747 was used as an example to
show its upper limit (i.e. 2.22) and current I value (i.e.1.48) in Fig. 7a,
corresponding to its operation empty weight (i.e.183.5 t) and the
maximum take-off weight (i.e.396.9 t).
Fig. 7b presents the effects of the curb weight and occupancy
levels on the I values, and hence energy efﬁciencies, for aircraft and
automobile-petrol based on equation (5) and the corresponding A
and n values extracted from the collected data. Locations for the
current Boeing 747 and Toyota RAV4 are also highlighted in the
ﬁgure. Values for both aircraft and automobile-petrol follow the
same trend, where the normalized energy shows an exponential
increase with the increase in vehicle curb weights and the decrease
in the occupancy level. It can be seen that the way to increase energy efﬁciency is to reduce the vehicle curb weight, increase their
seat capacity and occupancy level. The locations of the Boeing 747
and Toyota RAV4 indicate there are still spaces to reduce the current
weight and increase the occupancy rates to further push the I value
down to their physically possible lower limits. When a equals 1, the
I value could also be used to assess the fundamental energy efﬁciency of a particular vehicle, relating to their designed properties
(i.e. weight and designed full seat capacity).
The proposed new VMI concept can be used to evaluate
normalized energy for different transportation types, which will be
critical to assess environmental compatibility and identify greencompliant transport modes for the ‘zero-emissions’ future. The
idealised limits of VMI also provide clear targets which can be
approached by weight reduction, increasing the seat capacity and
seat usage. International statistics could be made widely available
to aid customer purchasing, using, and motivating competition
among manufacturers to reduce their VMI values.

Further work is required to increase data for deriving A and n
data used for evaluating VMI values for all types of human vehicles
at various driving conditions and to deﬁne their theoretically
possible lowest limits of curb weight. The theory supporting the
VMI concept could also be applied or adapted for energy efﬁciency
assessment and form the basis of a worldwide standard useful in
the current drive for a greener economy and zero CO2 emissions in
the near future. Scientists and engineers in relevant ﬁelds are
encouraged to improve on this version and provide more
comprehensive data to develop it as an international standard for
energy efﬁciency assessment for different types of vehicles.
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7. Conclusions and policy implications
A universal vehicle mass index (VMI) has been proposed, to
assess the energy efﬁciency of different types of passenger vehicles
based on weight, seat capacity and current levels of passenger occupancy. Statistical analysis of weight, seat capacity, energy consumption and occupancy level are performed for automobiles, bus
& coaches, high-speed trains and aircraft. Such index, for the ﬁrst
time, locates all transportation types on a uniﬁed scale and enables
global comparison of the energy efﬁciencies between different
transportations. Speciﬁc conclusions are:

Appendix A
Data collection and analysis.
Curb weight, designed seat capacity and energy data for automobile, bus/coach, aircraft and high-speed train were collected
from the vehicle certiﬁcation agency [44], published speciﬁcations
[45e52], leasing company speciﬁcations, public reports and manuals [53e70]. Energy consumption of hydrocarbon fueled automobiles and aircraft was calculated by multiplying, fuel
consumption by its energy density, litre/km  MJ/litre. Energy
densities [71] were petrol (34.2 MJ/L), diesel (38.6 MJ/L) and
kerosene (37.4 MJ/L). Bus/coach and high-speed train energy consumption were obtained from electrical power consumption (Kwh)
and converted to Mega Joules (MJ). The energy data for walking and

(i) An appropriate deﬁnition of VMI has been found to be, I ¼
 n
Wtv
A W
, where Wtv is the total vehicle weight (including the
tp
passenger weight), Wtp is the total passenger weight, A is the
energy efﬁciency of a theoretically weightless vehicle and n
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cycling were taken from calories burned [72] at a walking and
cycling speed of 6 km/h and 16 km/h, respectively.

Appendix B
VMI lower boundary determination of automobile stability

jN1  N2 j
2½0; 1
N1 þ N2

(A-6)

f ¼ mmg

(A-7)

where Cs is the aerodynamic coefﬁcient, r the air density, vwind the
velocity of the wind, S the projected area normal to the wind force, v
the automobile velocity, r the cornering radius, m the friction coefﬁcient, g the gravity acceleration. Slip occurs when
f  ðFg þFw Þ cosq  mg sinq and rollover occurs when N1 ¼ 0.
When driving on a horizontal road with q ¼ 0 , which is the normal
case, slip and rollover criteria could be achieved by substituting
Eqn. (A-5, A-6, A-7) into Eqn. (A-2) and (A-4), yields

The Lateral Load Transfer Ratio (LLTR) method [73] was used to
estimate the minimum weight without slip and rollover. According
to LLTR method, the threshold value for rollover is expressed in Eqn
(A-1)

LLTR ¼

mv2
r

Fg ¼

(A-1)

Cs rv2 S
Prevent Slip m   wind 
2
2 mg  vr

where N1 and N2 denote the supporting forces on the wheels as
schematically illustrated in A1. LLTR equal to 1 indicates the critical
state for rollover, where one of the supporting forces equals 0. LLTR
equals to 0 indicate the stable state, where N1 ¼ N2 .

(A-8)

Fig. A1. Stress analysis on an automobile.

Consider a general case, where a vehicle was driving on a road
with a tilt angle of q  0 . q ¼ 0 means the vehicle is driving on a
horizontal road. Then stress analysis was performed as shown in
Fig. A1. The vertical supporting forces N1 ; N2 and friction forces f1 ;
f2 could be calculated from force and moment balances, as presented in Eqn. (A-2, A-3, A-4),

N1 ¼

Cs rv2 S
Prevent Rollover m   wind 
B g  v2
2 2h
r
Note that m is the total vehicle weight in kg, equals to Wtv .



Fg þ Fw
Fg þ Fw h
mg
mgh
cosq þ
sinq 
sinq þ
cosq
2
B
2
B
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