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An initial exploration of measures of transport efficiency
through optimising a simple truck model
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Sustainability has become a very important research area in transportation where demands and as-
sociated environmental impacts have been increasing. An introductory exploration is established
here, where transport efficiency is studied in two partial measures, mass efficiency and volume
efficiency. An optimisation problem is then formulated here to find an acceptable design config-
uration that merely satisfies the transport constraints and maximising transport efficiency. It is
observed that there are trade-offs between environmental impacts in terms of energy requirement
and the optimised design configuration.
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1. Introduction

The activity of transport sector shows significant growth driven by developments in the econ-
omy [1]. This growth increases the demands on road freight transportation together with associated
emissions and environmental damages. Hence, the sector stresses the need for secure energy sup-
plies, sustainable energy consumption, lower fossil fuel dependence, and improvements in transport
efficiency. In order to fulfil these demands, optimisation methodology frameworks are required to
find the optimum transportation solutions and simultaneously decrease the associated environmental
impacts and damages [2].

Up to date, there is no standard definition of transport efficiency, whilst emerging consensus in-
dicates that economy, environment, and social well-being have a great impact on transport efficiency
or sustainable transport system [3, 4]. In other words, an efficient transport system not only involves
economic measures, but also involves the usage of resources, and environmental impacts associated
with the sector. Improvement in transportation requires improvement over the ability to deliver goods
without wasting resources such as materials, time, and energy [5]. Finding new solutions for improve-
ment requires balancing a large number of measures which can exhibit a conflicting interaction with
each other. Hence, exploring and analysing efficiency of such a system is essential towards sustain-
able development of the freight transport system. The main question remaining is how can we design
vehicles such as delivery trucks which are optimum from transport system perspective?

A major challenge in vehicle design is to to simultaneously meet the transport demands while
minimising energy use and its associated environmental impacts [6]. In order to meet this challenge
optimum design methodologies are relevant to consider all aspects of a finished design to achieve
an optimal trade-off design between economic, environmental and technical parameters. The main
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focus of this paper is to formulate an optimisation problem to examine the merits of different ve-
hicle designs from transport system perspective. Here, it is proposed to examine the goodness of
the vehicle design by introducing two basic partial design efficiencies, mass and volume efficiency.
The objective of this paper is to merge these two mentioned partial efficiency measures into a uni-
fied efficiency measure and integrate them into a multidisciplinary design optimisation methodology
framework. This integration is used directly to explore transport efficiency. Furthermore, this paper
aims to explore trade-offs between the conceptual model and its energy requirement. For instance,
what are the trade-offs between energy requirement and the optimum design configuration when the
optimiser increases the height of the truck to establish more aerodynamic truck? Therefore, trade-offs
between the choice of structural and non-structural characteristics of trucks are directly integrated
into a optimisation problem and been analysed in a static drive-cycle simulation.

2. Methodology outline

In this section the main building blocks of the exploration is presented and discussed.

2.1 Conceptual simple truck model

Vehicles may be described as a multi-functional system, and must fulfil both the physical require-
ments of transportation and the regulatory requirements to be approved for sale and use [6]. Vehicle’s
main function is usually specified as to carry and move payload from point A to B, i.e to transport.
Hence, an abstract model of a multi-functional truck has been developed here through functional
decomposition approach to capture transport function. The decomposed functions are load-carrying
and movement function. Load-carrying function examines the physical ability of the truck to carry
payload, whilst, movement function examines the required energy to move the truck. These two de-
composed sub-functions are cross-dependent with design configuration of the truck, which means,
changes in design configuration may alter the performance of each decomposed function and essen-
tially the main function.

To model the truck and capture the resulting concept and trade-offs in a conceptual model, the
emerging computational model comprises a certain level of computational granularity. This means
that the truck is functional decomposed according to transport function and multiple parallel compu-
tational models is required to create the overall conceptual model of the truck. The interdependency
structure of the constituent computational models is illustrated in Fig. 1. Here models compute an
intermediate result based on inputs. The level of granularity of the model may impact different model
properties such as precision, accuracy, fidelity, and modularity of the model [7]. However, the fact
that vehicles are multi-functional systems, a multidisciplinary and interdependent conceptual model
can be establish by functional decomposition where each function then performs a portion of the main
function.

Figure 1: The decomposition of truck model according to transport function.

As the focus of this paper is on exploring transport efficiency, the complexity of the truck model,
its functionalities, and the optimisation thereof, are purposely kept simple. In order to explicitly
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couple all the computational models, a simplified chassis, a simplified suspension, and a payload
with constant volume has been developed. The simplified chassis has a load-carrying function and
it is modelled as a beam with certain second moment of area. The beam shown in Fig. 2 creates an
explicit link between all computational models shown in Fig. 1, since the modelled beam has a cer-
tain mass which influence the overall energy consumption, a cross sectional area which influence the
aerodynamic performance, and a certain bending stiffness which influence the dynamic and structural
performance of the truck. Changing the design variable of the beam impacts the second moment of
area, thereof overall performance of the truck. For example, an increase in second moment of area
means an increase in mass, cross sectional area, bending stiffness and essentially give rise to en-
ergy consumption and better load-carrying performances, i.e a trade-off. Furthermore, the simplified
suspension system has a hyphenate function and it is a simple assumption of wheel support points.
Changing the location of these support points impacts the structural strength and thereof load-carrying
function. The support points considered to be fixed at the distance of 0.1 and 0.8 length unit from left
and respectively right end of the beam as it is illustrated in Fig. 2. Furthermore, there are two assump-
tion regarding the payload, firstly, the volume is constant, and secondly, the length of the vehicle is
equal with the length of the payload. These two assumption also creates an explicit link between all
computational models shown in Fig. 1. For example, an increase of length will reduce the height of
the payload and add more weight to the truck, thereof it will decrease the required energy to over-
come aerodynamic resistance, increase the required energy to overcome rolling resistance and inertia
resistance to accelerate, and also decrease the bending stiffness of the beam thereof load-carrying
performances.

Figure 2: The simple truck model to be optimised with set of design variables.

Table 1: List of design variables and their minimum, maximum, and initial value.

Variable Minimum value Maximum value Initial value

K 0.01 100 1

L (m) 0.01 100 10

2.1.1 Design variables

The simplified chassis, i.e. the beam, has two design variables that ensures the truck model has
an effectively acceptable configurations for the specified goals and simultaneously couple all the
decomposed functions. These two variables are the cross-sectional area scale factor K and length
of the beam L which essentially is the length of the truck and the payload. The cross-sectional area
scale factor, essentially scales the second moment of area to ensure high enough bending stiffness.
The cross section profile of the beam is selected to be I-shaped as it is illustrated in Fig. 2. Structure
steel has been selected as the material which has Young’s modulus of 210 GPa and a density of 7.80
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kgm−3. The payload shown in Fig. 2 has a constant mass (mp) of 10 tonne and a constant density (ρp)
of 500 kgm−3. These variables are kept constant to enable the optimiser to find the optimum length
L for the payload which essentially influence the height of the payload where it allocates portions of
the total height of the truck. The height of the payload (HP ) may be expressed as

HP = mp/ρpLB. (1)

The second moment of area may be expressed by parallel axis theorem as

I = [
H3b

12
+ 2[

h3B

12
+
hb(H + h)2

4
]]K4 (2)

where A is the area of the cross-section, K denotes scale factor and the reset of the parameters are
the variables which configure the cross section of the beam as it is shown in Fig. 2. The initial value
selected for second moment of area is I0 = 2× 10−3 m4. The minimum, maximum, and initial values
of the design variables inserted into the optimiser are shown in Table. 1.

2.1.2 Energy Model

To determine the total energy required for transportation, WT (X, s) is expressed as [8, 6]

WT (X, s) = WR(X, s) +WA(X, s) +WD(X, s) (3)

where

WR(X, s) = (1− r)gcRm(X)

∫ s1

s0

ds (4a)

WA(X, s) = m(X)

∫ s1

s0

a(s) ds (4b)

WD(X, s) = 0.5ρacDA(X)

∫ s1

s0

v2(s) ds, (4c)

where WR(X, s), WA(X, s), and WA(X, s) refers to the energy to overcome rolling resistance, aero-
dynamic drag, and inertia resistance to acceleration respectively at distance s. Variable r is a fraction
(in %) which is the kinetic energy regained during the deceleration, m is the total mass, cR is the
rolling resistance coefficient, ρa is the air density, cD is the drag coefficient, and A is the frontal area
of the vehicle. The rest of the remaining parameters, a (acceleration), v (velocity), and s (distance)
are the characteristic value in which are depended on the profile of the drive cycle. Furthermore, the
Worldwide Harmonized Light-Duty Vehicles Test Procedure class 3b (WLTP3) is employed as the
prescribed drive-cycle and represents one delivery route.

2.2 Transport efficiency measures

Efficiency measures are often expressed by the ratio of useful output to total input and transport
efficiency measures refers to the actual transportation output as a percentage of an ideal situation
[9]. An efficiency of 100% means that the theoretical, ideal situation is attained. For instance, 100%
time efficient vehicle means, the vehicle is utilised non-stop, 24-h a day. An efficiency measure below
100% means an insufficient actual transportation and depending on the dimension of the measurement
whether the actual value should be the numerator and the ideal value denominator.

In an effort to explore trade-offs between transport function and design configuration and simul-
taneously merit transport efficiency, two efficiency measures were employed, mass efficiency and
volume efficiency. These two efficiency measures were merged into a unified efficiency measure to
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further evaluate transport efficiency and exploit trade-offs between functions and design configura-
tion. The unified transport efficiency measure may be expressed as:

ηT (M,V ) = ηM(X)ηV (X), (5)

where ηT indicate the transport efficiency, M denotes mass, V volume, and X denotes a set of design
variables. Further detail of each partial efficiency measure is provided in subsequent sections.

2.2.1 Mass efficiency

Mass efficiency is a qualitative measure of the ratio of required energy to move the payload to
total mass of the truck. This is determined by mass dependent energy, i.e the energy consumed due
to rolling resistance and inertia resistance to acceleration. An 100% mass efficiency means that the
actual consumed energy during transportation is due to transportation of payload without any waste.
In other words, the allocated energy to move the structural weight of the truck must be minimised to
increase such efficiency. Mass efficiency is expressed as

ηm(X) =
Ep(X)

Etot(X)
, (6)

where Ep denotes the energy it requires to move the payload and Etot denotes the required energy to
move the total mass of the truck (payload + structural weight).

2.2.2 Volume efficiency

Volume efficiency refers to the capacity of the payload and it is measured in terms of space. It
is defined as the percentage by which payload allocates space of the total volume of the truck. An
optimum volume or 100% volume efficient truck may be the same as if the whole truck would be just
the payload. Volume efficiency is expressed as

ηV (X) =
Vp(X)

Vtot(X)
, (7)

where Vp denotes volume of the payload, and Vtot denotes the total volume of the truck (structural
volume + payload volume).

2.3 Formulation of the optimisation problem

The importance of properly formulating a design optimisation problem must be stressed because
the optimum solution will be only as good as the formulation [10]. The optimisation problem formu-
lated here aims at finding an acceptable design that satisfies the transport constraints and maximising
the unified transport efficiency. This is done numerically using computational resources which en-
ables much larger designs to be explored. Even though in general there is more than one acceptable
design, optimisation has the purpose of finding the best one of many acceptable designs available.

In the present multi-functional design optimisation, the unified transport efficiency measure is
integrated and selected as the objective function to be optimised in a multidisciplinary design optimi-
sation [10]. As mentioned before, two partial measures are considered as the main contributor factor
to explore transport efficiency. The mathematical design optimisation problem to explore trade-offs
in transport efficiency may be expressed as

min(1− ηT (M,V )) (8)

subjected to constraints of the form:
TE(X) ≤ 0 (9)
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T I(X) = 0 (10)

Xmin ≤ X ≤ Xmax (11)

Equations 9 and 10 are the set of transport-related functional equality and inequality constraints.
Equality constraints arise quite often as a physical law, which must be solved as a sub-problem in
order to assess an inequality constraint [6]. For instance, inequality could be that the maximum
deflection is less than 1 cm, which might need to be assessed by solving the Euler-Bernoulli beam
equation (an equality relation) before assessing the original constrain. An example of an inequality
constraint could be that the design must carry at least a 100 kg load. Equation 11 is the set of design
variable constraints. The variables are constrained by the minimum and maximum values as indicated
by the indices.

Transport functions act as constraints on the design considering different properties: mechanical,
i.e., bending stiffness, load capacity, and eventually other disciplinary fields. Although more functions
and constraints may need to be considered in a realistic design, the constraints considered here are
sufficient to fulfil the exploration as such. In this study two constraints were employed to examine
trade-offs between functions and the optimum design configurations. Firstly, one linear elastic loading
response is used to incorporate the load-carrying function of the beam. Secondly, maximum height
constraints are set to evaluate the aerodynamic performance of the truck. Engaging these constraints,
emphasis the trade-offs examination. For example, trade-offs between shorter lighter truck and longer
heavier but more aerodynamic truck. These two constraints may be expressed as:

d

dmax
− 1 ≤ 0 (12a)

H

Hmax
− 1 ≤ 0, (12b)

where d is the bending displacement of the beam and H is the total height of the truck inclusive
wheels, beam height, and payload height. Verification that the bending displacement constraint is met
is achieved by computing the linear elastic response via the Euler-Bernoulli equation. The maximum
bending displacement selected for the first constraints is dmax = 10 × 10−3 m, and the maximum
height for the truck is set to be Hmax = 4 m.

2.4 Results

In this study, the optimisation is performed for the unified transport efficiency measure as the
objective function. The optimum design variables are used to examine possible trade-offs between
the conceptual truck model and energy demand. Table. 2 shows the optimum design variables, corre-
sponding objective function value and the total mass of the I-Beam.

Table 2: Resulting optimal design variables, objective function value and total desgin mass.

Variables K [-] L [m] ηT [%] m [kg]

Initial Values 1 10 0.024 4992

Optimum Values 0.21 3.23 1.06e-04 70.01

As been seen, the solution tends to a solution with minimum weight and it is achieved by reducing
the length of the truck, which consequently reduce the scale factor for the beam too. This reduction of
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values provides high enough bending stiffness for all functional constraints to be satisfied. However,
reduction to initial beam length has increased the height of the truck. It is observed that the energy
needed to overcome aerodynamic resistance has considerably increased due to increased height of
the payload (Fig. 3) and consequently the height of the truck. From the result presented, it is clear
that there is trade-off between energy consumption and design configurations of the conceptual truck
model. Although the actual design configurations themselves might be inconsequential, the fact that
trade-off is identified is of considerable significance.
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Figure 3: Normalised use phase energies, a direct comparison between initial and optimum design.

3. Discussion

An initial exploration of transport efficiency measures have been presented, where different par-
tial transport efficiency measures have been merged into a unified transport efficiency measure. This
was done through the optimisation of a simple truck model. The unified transport efficiency measure
was used as the objective function and formally integrated into a design methodology. This may be
an enabler to explore what measures have a considerable influence on the unified transport efficiency
measure under predefined circumstances. The exploration has roughly identified the design param-
eters and partial measures with significant influence on the unified efficiency measure. The results
indicate that mass efficiency measure has a significant influence on the unified efficiency measure
where the length of the truck is reduced in order to reduce mass. This mass reduction increases the
unified transport efficiency measure, and less energy is required to move the structural characteristics
of the truck, i.e. chassis.

However, the optimum solution and its trade-offs must be carefully examined. The introduced
scale factor K changes the moment of inertia by a power of 4 and indeed have a significant impact on
the load-carrying function of the truck. The second moment of area is an important property is crucial
for determine the beam’s bending deflection which examines the load-carrying function. The energy
profile modelled for the truck in this work is highly weight-dependent due to the energies relative to
rolling-resistance and inertial resistance to acceleration; while the energy required to overcome aero-
dynamic resistance is attributed to the frontal area of the entire truck and it is not weight-dependent.
Thus mass efficiency measure appears to be the measure with the most influence on the unified trans-
port efficiency measure where the design formulation here become effectively a mass minimisation
problem. Furthermore, the design of the truck is significantly affected by the mass efficiency mea-
sure where the length of the beam is reduced in order to save weight; And there are two trade-offs
related to this observation. Firstly, the truck is shorter and lighter, and secondly, the truck is less
aerodynamic efficient. In other words, the energy required to overcome the aerodynamic resistance is
increased, whilst the energy to overcome rolling resistance and inertia resistance due to acceleration
is decreased.
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4. Conclusion

In this paper, an exploration of various measures of transport efficiency has been initiated through
optimising a simple truck model. The design has been optimised for the unified transport efficiency
measure. Although the purpose of the case study was not to perform a real design, it nevertheless
serves to illustrate the trade-offs. The optimisation formulation is successful in achieving a design,
which meets the functional constraints and maximises the transport efficiency measure. Continued
research is needed to see the performance of the transport efficiency using the same simple truck
model in a dynamic drive cycle. It is important to explore the total transport efficiency where several
dimension such as traffic flow and economy aspects are included.
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