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places (15 min periods were assumed) and traffic parameters changes spread over time periods. Sample
calculations of some indicator values at 15 min intervals for the afternoon peak hour are shown in
Figure 2.
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Figure 2. Selected indicator values for afternoon peak hour in the area of Gdynia centre. (a) overcapacity
queues; (b) total travel time; (c) CO2 emission; (d) travel distance (veh-km travelled).

Fluctuations of indicators observed in particular 15-min periods are a result of a different number
of blocked lanes in these periods and their different location. In the case of lanes blocked along
Świętojańska Street we can observe a greater deterioration of transport network indicators because of
higher traffic volumes than along Starowiejska Street. In some more congested periods, drivers change
their route by selecting nearby alternative routes, which contributes to an increase in distance travelled
by vehicles and results in improved traffic conditions in the road network of the city centre (reduction
in dynamics of growth of queue lengths, delays, travel time). The most stable traffic conditions can be
observed in the case of implementing Variant 2 improvements (no cases of blocking traffic lanes by
commercial vehicles).

The value of carbon dioxide depends on the travel time of all vehicles in the road network taking
into account time spent in queues at junctions, travelled distance, number of primary and secondary
stops per vehicle and vehicle volume at particular sections of network. If the above parameters
deteriorate, there is an increase in exhaust emissions and fuel consumption. Examples of cumulative
values of some indicators for a one-hour period are presented in Table 3. The equations for calculating
emissions and default parameter values for the pollutants are presented below. The model still requires
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calibration according to the structure of the vehicle fleet in Gdynia. Therefore, the results are estimates,
but prove the practical potential of the selected approach with regards to emission estimation.

The basic equation for the emission of CO2 (Ei
CO2) from a link is:

Ei
CO2 =

(
70d + 1200tq + 16s1 + 5s2

)
V

Ei
CO2—emission of CO2 at link i

d—link distance
tq—time spent idling in queues at junctions
s1—number of primary stops per vehicle
s2—number of secondary stops per vehicle
V—vehicle volume at link i

The basic equation for the emission of NOx(Ei
NOx) from a link is:

Ei
NOx =

(
103tc + 1.8tq + 0.42s1 + 0.09s2

)
V

Ei
NOx—emission of NOx at link i

tc—average cruise travel time on the link
tq—time spent idling in queues at junctions
s1—number of primary stops per vehicle
s2—number of secondary stops per vehicle
V—vehicle volume at link i

Table 3. Example of simulation results from the mesoscopic model for variants of dedicated delivery
spots—effect for the area of the city centre, morning and afternoon peak hour.

Variant
Veh-km Travelled Travel Time Fuel Consumption

Mean
Speed

Number
of Stops

CO2 Emission
NOx

Emission

(veh-km) (veh-h) (L) (km/h) (-) (kg) (kg)

Morning peak (1 h period)

V0 2166.64 87.03 231.28 29.87 15,238.30 231.81 7.00
V1 2160.86 86.73 230.73 29.90 15,182.73 230.47 6.98
V2 2139.64 84.41 226.46 30.42 14,896.88 227.06 6.88

% change (V1-V0)/V0 −0.3 −0.3 −0.2 0.1 −0.4 −0.6 −0.3
% change (V2-V0)/V0 −1.2 −3.0 −2.1 1.8 −2.2 −2.1 −1.7

Afternoon peak hour (1 h period)

V0 3111.88 147.68 367.80 25.34 27,172.21 372.27 10.52
V1 3060.33 144.66 365.24 25.44 27,019.81 368.97 10.45
V2 3017.34 136.22 354.50 26.62 26,532.14 361.69 10.27

% change (V1-V0)/V0 −1.7 −2.0 −0.7 0.4 −0.6 −0.9 −0.7
% change (V2-V0)/V0 −3.0 −7.8 −3.6 5.0 −2.4 −2.8 −2.4

More vehicles in the network and higher traffic volumes occur during the afternoon peak hour
than during the morning peak. The effects of planned changes are more visible for the period in
which the transport network is more congested. Analyses have shown a positive effect with exhaust
emissions reduced both in the morning and afternoon peak periods, primarily in the case of Variant 2.
Taking into account that only two peak hours were analysed, accumulated gains in the long term could
be significant.

Figure 1 shows changes in CO2 emissions in individual sections of the transport system network
in the centre of Gdynia. If implemented, the delivery vehicle scheme with dedicated parking spaces
will contribute to reducing emissions primarily on the streets covered by the project.

4. Discussion

The aim of this paper was to verify whether the mesoscopic urban transport model already in
use in Gdynia can be populated with inputs specific to urban freight transport in order to improve
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the ability to assess the environmental impact of freight transport. The analysis was executed by
feeding the model with delivery data from downtown Gdynia’s to assess whether dedicated delivery
areas could be a way to reduce CO2 emissions there. The objective was to evaluate how the expected
reduction in the inconvenience caused by freight vehicles stopping on the road can have a positive
effect on traffic conditions in the analysed streets and on the related reduction in CO2 emissions.

The transport model proved to be useful in understanding the issue of dedicated delivery places.
It was able to capture changes in CO2 and NOx emissions. Dedicated delivery places were implemented
primarily for their effect on access to selected downtown streets and the nuisance caused by delivery
vehicles when they stop, e.g., on the pavement. If, however, they can also help to reduce emissions,
the scheme can be rolled out in as a comprehensive measure in all of the downtown area. As a result,
the benefits would can be more evident.

In studying dedicated delivery places, use was made of the model’s capacity to represent road
traffic parameters and the potential effects on traffic in the area under analysis. Delivery places are
a relatively simple regulatory solution which local authorities can use as a point of departure to
more advanced urban freight management measures. Whether it is this scheme or other regulatory
tools, such as time windows for accessing selected areas, standard transport models developed with a
sufficient level of detail are able to assess the effects of measures being proposed with an acceptable
level of detail.

If the effects on urban freight-related emissions are to be substantial, more needs to be done.
Rather than focus on infrastructure only, the measures must be related to the structure of supply chains
in urban areas. To that end, the structure of the model must account for a much broader scope of
parameters to identify freight vehicle activity and the characteristics of demand for delivery and the
variety of receivers using the service. They would meet the analytical complexity requirements of
available urban freight optimisation solutions. Due to these challenges, the transport model used in
this analysis has a major functionality deficit when compared to dedicated freight transport models
such as France’s Freturb [14,31] and Germany’s Viver [22,23], as presented in Table 4.

As it can be noticed, even comprehensive models designed to analyse freight offer varying
functionalities which translates into how well we can study the effects of selected solutions on emission
levels. While the existing models based on a four-stage approach could theoretically be extended
to cover the specificity of a study problem, the costs and workload of doing that remain an issue.
In addition, it is likely that modified models will be difficult to calibrate due to lack of data which
the majority of cities do not collect as a standard transport management practice. Regardless of the
approach, the process of introducing a model is anything but simple because of the complexity and
scarcity of established practices to use as a point of reference.

While the development of more comprehensive freight transport models based on data obtained
from carriers is justified, it is extremely difficult due to the reluctance of carriers to share information.
Reliable statistics on shipments create the opportunity to develop better quality models for freight
transport demand, and on this basis, to estimate the trip matrix of freight vehicles (this approach
is justified in modelling heavy traffic—through freight traffic, industry and sea port activities),
when shipment dynamics are difficult to research (although this depends on the frequency of data
provided by carriers, industry and seaport operators). The implementation of a reliable model also
requires a regular and comprehensive study of traffic, including heavy goods vehicles and businesses
(the present legislation does not make such studies mandatory, and the high costs discourage cities from
conducting them). Such research should be carried out every 5 years and would provide valuable input
and validation data for freight transport models. In the case of commercial distribution, commercial
services, e-commerce and express courier municipal services (waste disposal/maintenance of roads) it
is important to apply the approach based on cruise route modelling (rounds/travel chains). This allows
the model to include fixed routes.
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The next steps will focus on verifying whether the existing transport model could meet the
requirements of urban freight management set by the Sustainable Urban Mobility Plan in Gdynia.
This would include detailed parametrisation of the objectives to identify the data requirements for
their analysis and how they could be met by the existing modelling framework. Also the most
promising areas of MST implementation would be marked, as well as demand for additional data.
Also, the relation between policy objectives and potential measures will be under investigation in
terms of the model functionality to find the limits of the existing model application. These limits
in terms of the relation between required inputs and possible outcomes frame the potential of MST
for urban freight modelling and define where the implementation of dedicated urban freight model
should begin. Another issue which should be considered is how to utilise existing systems such as
Weigh-in-Motion [73] to improve data availability.

Understanding urban freight should be a consistent and gradual process and one that must
be conducted in order to identify the scale of the challenges and equip decision-makers with the
knowledge they need for planning. Even if no decisions are taken to introduce advanced analytical
tools, the search for the right solutions can still continue so that they match the available resources and
for private sector partner engagement.
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Abstract: The high costs of using electric vehicles (EVs) is hindering wide-spread adoption of an
EV-centric decarbonisation strategy for urban freight transport. Four opportunity charging (OC)
strategies—during breaks and shift changes, during loading activity, during unloading activity,
or while driving on highways—are evaluated towards reducing EV costs. The study investigates
the effect of OC on the lifecycle costs and carbon dioxide emissions of four cases of different urban
freight transport operations. Using a parametric vehicle model, the weight and battery capacity of
operationally suitable fleets were calculated for ten scenarios (i.e., one diesel vehicle scenario, two EV
scenarios without OC, and seven EV scenarios with four OC strategies and two charging technology
types). A linearized energy consumption model sensitive to vehicle load was used to calculate the fuel
and energy used by fleets for the transport operations. OC was found to significantly reduce lifecycle
costs, and without any strong negative influence on carbon dioxide emissions. Other strong influences
on lifecycle costs are the use of inductive technology, extension of service lifetime, and reduction of
battery price. Other strong influences on carbon dioxide emissions are the use of inductive technology
and the emissions factors of electricity production.

Keywords: urban freight transport; battery electric vehicle; opportunity charging; carbon dioxide
emissions; lifecycle costs; parametric vehicle model; evaluation framework

1. Introduction

International commitments to reduce carbon dioxide (CO2) emissions—the most common
and pervasive greenhouse gas—has fuelled efforts to decarbonize the freight transport sector.
For long-distance transport, such as intercity, regional, national or international transport, efforts
to reduce CO2 emissions focus more on the shift to rail or waterways. Nevertheless, alternatives for
urban freight transport (UFT) remain limited. One option, the use of battery electric vehicles (BEVs) in
UFT is still lagging behind [1], despite its advantages in eliminating local air pollution [2], its relatively
quiet [3] and more energy efficient [4] operations, and its capability to use renewable energy sources [5].
Furthermore, recent studies have demonstrated the effectiveness of the BEV-based freight transport to
reduce CO2 emissions, even while accounting for different energy production methods [6].

A wide-spread adoption of BEVs for freight transport faces technical and market-related
challenges. Currently, the battery is seen as the limiting factor, linked to tightly constrained operational
performance—due to a mix of limited driving distance and slow recharging time—and the high cost
of the vehicle [7–9]. Besides the reduced driving distance compared to internal combustion engine
vehicles, the addition of the battery also reduces its payload capacity, constrained by a fixed upper
weight limit [10]. Further, the ecosystem that supports electric vehicles, such as maintenance and
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refuelling stations, is absent in many cities (and countries) that would otherwise be conducive for BEV
operations [11]. While some governments have succeeded in incentivizing BEV adoption through
subsidies for purchases, fiscal measures on fuel, sponsoring BEV trials, and penalizing conventional
vehicles [12–14], these measures mainly affect the economic calculation for vehicle choice. They do not
affect its operational capabilities. Coping with operational limitations is left to the logistics companies
to manage. They have devised a range of strategies to compensate for the shortcomings of BEVs,
as shall be explained next.

Fleet managers can deal with the operational limitations of the BEV in four ways: (1) reduce their
scope of services, (2) modify transport operations, (3) modify vehicle, and (4) use opportunity charging
(OC). Table 1 summarizes the specific measures and selected references to recent studies analysing or
discussing them.

Table 1. Strategy to overcome operational limitations of battery electric vehicles (BEVs).

Strategy Measures References

Reduce scope of services
Reduce size of area served -

Reduce number of customers served [7,15]

Modify transport operations

Optimize routes and schedules [15,16]

Use an urban consolidation centre [15]

Increase fleet size [17,18]

Modify vehicles

Mix the fleet with conventional vehicles [14]

Increasing battery capacity of the BEV [2,17]

On-board power generators to supplement EVs [10]

Other efficiency measures (i.e., lightweighting, aerodynamics) [16]

Use opportunity charging (OC)

Public charging infrastructure [14,16,19]

Semi-public charging infrastructure [2,14,17]

Dynamic charging [17,20,21]

Battery swap [15,16]

The first and second strategy works within the limitations of the BEV. Reducing the scope of
services aims at eliminating unprofitable routes or operations. The business, as a whole, may suffer,
as revenues are expected to reduce along with the services provided. The same set of customers
is served in the second strategy, but with significant changes with respect to how the vehicles are
used. The third strategy adapts the vehicle’s capability to the operational demands, in some cases
compromising its pure electric operation. Retrofitted vehicles make use of modularity of their battery
systems to provide their operators with the battery capacity they need. However, increasing the battery
capacity significantly increases the overall purchase price of the BEV and reduces the payload capacity.
The fourth strategy, using OC, integrates quick recharging events during working hours. This contrasts
with the conventional time for charging, i.e., at night-time, outside of working hours. OC reduces the
need for a large on-board battery, by increasing the dependence on external charging infrastructure.
It effectively reduces the driving range requirement from the daily driving distance to the distances between
the locations of two planned charging activities. The next opportunity for the recharging activity depends
on the extent and availability of charging infrastructure, the type of equipment needed on the vehicle,
and the pattern of vehicle usage (in time and within the transport network).

In comparison to other strategies, OC maintains the transport service capability, preserves the
benefits of the pure electric drive, reduces the purchase cost of the BEV, maintains the operational
capability (i.e., driving range and payload capacity), does not disrupt the existing operation schedule,
and does not require additional logistics facilities. In general, the downsides of OC are dependence on
availability of charging infrastructure and upgrades of electrical infrastructure to support fast charging,
faster degradation of the battery, lower overall energy efficiency, and higher CO2 emissions.
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Evaluation studies currently do not consider the wide-range of possibilities to integrate
fast-charging into BEV operations. This is regrettable, as different types of OC—depending also
on the specifics of where and how they are incorporated—will have different compatibility with
different UFT types. Companies willing to experiment with OC are therefore currently still left without
comprehensive academic studies in support or in opposition to these options.

Hence, this paper aims to fill this gap by systematically deriving a set of OC strategies and
technologies for supporting the use of BEVs in UFT and by evaluating the application of OC in
consideration of financial and environmental criteria. The research questions are thus formulated
as follows:

(1) To what extent does OC improve the BEV business case for UFT operators?
(2) To what extent does OC affect the decarbonisation benefits of the BEV for UFT operations?

The approach is applied to four different cases of UFT operations modelled according to real-world
company data [22]. In the evaluation, the scenarios using OC are compared to scenarios using diesel
vehicles, and to scenarios using BEVs but without the use of OC, thus providing evidence on the utility
of OC in comparison to just enhancements to the vehicle or battery technology.

The next section is devoted to describing the methodology of the study: the case study
descriptions, vehicle usage model, electric mobility system model, and indicator calculation.
In Section 3, the results of the case study are presented: the modelled vehicle usage, the electric mobility
system specifications, and calculated indicators representing the business case and the decarbonisation
benefits. In Section 4, methodology and results are discussed critically in the broader context of BEV
studies. Section 5 provides the general conclusions of the investigation, and recommendations for
further research.

2. Methodology

Existing studies evaluating BEVs for UFT usually follow three main approaches, each at different
levels of detail and emphasis: evaluation of vehicle class [6,23–25], operation-type [2,18], and detailed
vehicle usage [15,17,26]. In the evaluation of vehicle class, the BEV is evaluated on the basis of a
reference distance of the target vehicle class, such as daily distances of “48–6 km” for a medium-duty
vehicle [6]. In the operation-type evaluation, the BEV is evaluated on the basis of simple transport
operation scenarios, such as a simplified intermodal truck transport [2]. The detailed vehicle usage
approach is evaluated according to micro-level usage of the vehicle, typically using an operations
research model [15,17].

This study follows the detailed vehicle usage approach, which consists of the following sequence
of steps:

(1) Define urban logistics scenario;
(2) Model vehicle movement for a representative time-period;
(3) Calculate energy consumption for vehicle operation;
(4) Calculate key performance indicators; and
(5) Evaluate indicators according to objectives.

2.1. Case Studies of Urban Freight Transport

A case study approach, in which the UFT activities of singular cases are modelled, was chosen
because it would allow for a more specific look at how the characteristics of UFT operations influence
their compatibility with BEVs [27]. The four case studies that were selected for the evaluation are
summarized in Table 2. Each case is operated on the main island of Singapore.

For each case, a logistics planner (or equivalent role) was interviewed to collect data used to model
their UFT operations for a single day. The most detailed data obtained was for Case A, which provided
itineraries of deliveries and collections performed by their fleet for one day. When addresses could
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not be obtained from the interviewee or websites, a randomized selection was performed using QGIS’
built-in random selection tool in order to emulate a realistic transport demand.

Table 2. Case study description according to industry sector, product type, and tour structure, as well
as data obtained.

Cases Industry Sector Product Type Tour Structure Data Obtained

Case A Courier-Express-Parcel Mail, parcels

1 depot (and many
cross-docking locations) to

many addresses
(delivery & collection)

Sample of itinerary, with
addresses, shipment sizes, and
service areas. Payload capacity.

Case B Courier-Express-Parcel Mail, parcels 3 depots to many addresses
(delivery & collection)

Averages of schedule; service
area description. Addresses
from random selection. Fleet

size. Payload capacity.

Case C Furniture retail chain Containerized
furniture

1 depot to 1 store (7 shuttle trips
of about 65 km each)

General schedule, fleet size.
Addresses from website.

Payload estimated.

Case D Furniture retail chain Containerized
furniture

1 depot to 1 store (7 shuttle trips
of about 16 km each)

General schedule, fleet size.
Addresses from website.

Payload estimated.

2.2. Vehicle Usage Model

Based on the information obtained, a full work-day vehicle usage schedule was modelled for each
case study. A vehicle’s usage mirrors the activity of the drivers assigned to it. The vehicle usage model
shows the sequence of activities that the driver carries out while driving the vehicle (see Figure 1),
with corresponding duration and distance travelled. The vehicle usage model has two main parts:
route creation and assignment of routes to each vehicle in the fleet.

 

Figure 1. Activity diagram of vehicle operation cycle.
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Route creation was performed based on a Vehicle Routing Problem model, implemented in the
software XCargo by the company LOCOM GmbH, Karlsruhe, Germany. The software used map data
of Singapore to calculate distances and synthetic shipment orders (created for each case using the data
obtained from interviews, websites, and background literature) to calculate a set of routes that reduces
the overall distance travelled. The number of routes created are determined by service area size and
spread, vehicle fleet and number of routes of each vehicle in a day.

The routes are then assigned to individual vehicles in the fleet in a way to balance the total
assigned route duration of each vehicle. The distance of each route leg is converted into duration
based on constant vehicle speeds. The duration of each route is summed from the driving duration of
each route leg and the estimated duration for loading and unloading activities.

The route assignment procedure is:

(1) Assign to each vehicle a route starting from the route with the longest duration;
(2) Assign to the vehicle with the lowest total route duration, the next longest duration route; and
(3) Repeat Step 2, until all routes are assigned or if each vehicle has been assigned the maximum

number of routes.

The outcomes of the procedure are the average speed- and payload-time profiles of each vehicle
in the fleet, throughout its operation. Note that this procedure can be replaced by any other modelling
procedure (e.g., agent-based or operations research models) or simply by reproducing the speed- and
payload-time profiles, such as by using GPS tracks in combination with vehicle-diaries.

2.3. Model of the Electric Mobility System

There are two technical subsystems of the electric mobility system: the BEV and the charging
system. Cost-efficient BEV parameters shall be identified that can fulfil the travel capability
requirements vis-à-vis the energy requirements of the battery and the weight dimensions of the
vehicle. The BEV parameters are determined under influence of charging scenarios: a combination of
the charging system and strategy.

The following sections describe the development of charging scenarios, the calculation method of
the BEV parameters under different scenarios, and the calculation of energy usage at the vehicle and
charging system level.

2.3.1. Charging Strategy

A key element of the study is to evaluate the effect of OC as affecting the suitability of BEV.
Five OC strategies are evaluated:

• “no OC”;
• “OC during break and shift change”;
• “OC during loading activity”;
• “OC during unloading activity”; and
• “OC while driving on highway”.

The first serves as merely a BEV baseline. The BEV is only charged night-time in activity A8.
The next three strategies are executed, while the vehicle is stationary, in activities (see Figure 1) A5 &
A6, A2, and A4, respectively. The final strategy is performed, while the vehicle is driving on a highway.
Note that these OC strategies complement overnight charging, which is assumed in each scenario.

2.3.2. Charging Technology

By considering the energy transfer method (whether conductive or inductive) and in-charging
state of motion of the vehicle (whether stationary or dynamic), four general types of charging systems
emerge [5]:
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• Stationary conductive charging system;
• Dynamic conductive charging system;
• Stationary inductive charging system; and
• Dynamic inductive charging system.

Except for “dynamic conductive charging system”, the other charging systems are evaluated
in this study. Conductive charging while the vehicle is moving can work via an overhead catenary
system or via a third-rail system. While both are commonly applied in rail, the former is also applied
in trolley bus or truck systems. The eHighway program by Siemens is, to date, the only known trial of
the trolley-truck concept for general cargo [28]. However, the systems have only been designed for
large trucks. One can hypothesize that the fixed height of the catenary system would not be suitable
for low vehicles, such as vans and smaller trucks. A third-rail system on the other hand is fairly
unexplored as an option, except for a recently initiated project eRoadArlanda by the Swedish Transport
Administration [29]. Still, little is known about the technical feasibility of that concept. These dynamic
conductive charging systems are thus not considered because of interoperability concerns and current
lacklustre support for the concepts.

2.3.3. Vehicle and Charging Scenarios

Given the five charging strategies and available charging systems, nine BEV scenarios are
evaluated (see Table 3). In S0, the characteristics of the diesel vehicle (DV) is used. S0 serves as
a comparison with the other scenarios. S1 and S2 are scenarios without OC. The BEVs are charged
overnight using either the conductive or inductive charging systems.

Table 3. Scenarios investigated in the study composed of vehicle type, charging strategy and
charging technology.

Scenario ID Vehicle Type Charging Strategy Charging Technology

S0 DV - -

S1

BEV

no OC
Stationary conductive charging system

S2 Stationary inductive charging system

S3 OC during break and shift change Stationary conductive charging system
S4 Stationary inductive charging system

S5 OC during loading activity Stationary conductive charging system
S6 Stationary inductive charging system

S7 OC during unloading activity Stationary conductive charging system
S8 Stationary inductive charging system

S9 OC while driving on highway Dynamic inductive charging system

2.3.4. Parametric BEV Model

In contrast with previous studies that evaluate existing vehicles in the market, the BEVs in this
study are adapted to the specified operational requirements of each UFT scenario, i.e., sufficient
payload capacity and driving range. The full specifications of the BEV are defined by the gross vehicle
weight (GVW), payload capacity, empty weight, battery capacity, and electric motor power. For a given
vehicle usage, the amount charged using OC reduces the required battery capacity to fulfil the required
driving range. The weight of the battery capacity is calculated by dividing the required battery capacity
with the specific energy of 0.14 kWh/kg [30]. The battery weight influences the weight of the rest of
BEV, which in turn influences its energy consumption rate while being driven. This circularity requires
that the weight, energy consumption and battery capacity be determined simultaneously. The key
components on the BEV model, the energy consumption model and the battery capacity estimation
model, are discussed next.
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2.3.5. Energy Consumption Model

In the vehicle, energy is consumed in three ways. First, energy is consumed when moving.
Second, energy is consumed by idling engines. Third, energy is consumed to power up logistics-related
equipment, such as refrigeration. For the cases being presented here, the vehicles are neither idle nor
do they require additional logistics equipment. The assumption of zero idling energy can be justified
in the Singapore’s context, where switching off the engines is required by law, and a failure to do so is
punished with a fine [31].

The energy consumption is calculated by multiplying the energy consumption rate at the route
leg with the distance of the route leg. The rate varies according to the GVW and the current weight in
each route. This rate is calculated using FASTSIM, an energy consumption simulation implemented in
Excel created by Argonne National Laboratory. It incorporates factors such as vehicle weight, frontal
area, length dimensions, driving profile, powertrain components, and regenerative braking [32] in its
energy consumption model. Using FASTSIM on a set of dimensions of real-world vehicles, four linear
models representing full and empty, diesel and electric vehicles were created (see Figure 2). The model
uses the Heavy Duty Urban Dynamometer Driving Schedule as the driving profile.

To estimate the energy consumption rate for a vehicle, triangulate the weight of the vehicle at
the route leg, using the GVW and empty weight and their corresponding energy consumption rates.
This is calculated simultaneously with other BEV parameters.

Figure 2. Comparison between energy consumption rates of diesel vehicle (DV) and BEV and the
real-world limits for DVs and stated values of manufacturers of real-world BEVs.

The models show a reasonable correspondence to external values, such as the minimum and
maximum limits of energy consumption from real-world testing of DVs [33], and the stated values of
manufacturers of BEVs [34–43].

2.3.6. Battery Capacity Estimation Depending on Charging Strategy

The use of OC alters the critical energy capacity required of the on-board battery because the
energy can be topped-up during the next OC event. In the absence of OC, the battery must last for
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the whole day till the vehicle returns to the depot at the end of the operations. It is assumed that each
vehicle in the fleet uses the same battery capacity. This makes the vehicle with the most intensive
“energy critical segment” the limiting vehicle. The battery capacity estimation is derived from the
energy capacity of the limiting vehicle’s energy critical segment.

Table 4 displays how the critical battery capacity is estimated. When the battery is being used,
the battery level reduces, until the charging event. The charging event lasts the duration of the
corresponding activity unless the battery depletes its capacity. Energy critical segments occur in
between charging. The calculation of the required battery capacity considers the energy critical
segments of all the vehicles in the fleet, to ensure that the battery level does not fall below 20% [44].

Table 4. Influence of charging strategy on battery estimation.

Charging Strategy Charging Event 1 Energy Critical Segment(s) Important Determinant for Battery

No OC A8 From A1 to A8 Vehicle with most energy intensive work
load in the day.

OC during break and
shift change A5 or A6 From A1 to A5; from A5 to

next A5 or A6 Duration of segmented operating hours

OC during loading activity A2 From A2 to next A2 Longest route in fleet

OC during
unloading activity A4 From A1 to A4; from A4 to

next A4; from A4 to A8
Longest distance from depot to first or

last unloading stop

OC while driving
on highway

During A1, A3 and A7,
on highways only Driving on urban roads Longest route only on urban road

1 The charging events correspond to the activities illustrated in Figure 1.

The vehicle’s GVW, empty weight, and battery capacity are set simultaneously, as are the
energy consumption and energy charged during each vehicle’s route leg, route, and total operation.
Other vehicle components are sized based on these parameters. The remaining necessary parameters
are calculated as follows:

• Electric motor power: calculated based on a linear model, with the total vehicle weight as the
dependent variable.

• Overnight charging power: calculated based on the battery capacity divided by the duration of
overnight parking (see A8 from Figure 1).

• Battery replacement cycle in years: calculated based on a fixed charging cycle limit of
3000 cycles [30] and the energy usage of the fleet.

2.3.7. Usage of the Charging System

Efficiency of charging depends on the type of charging system used. The values used in this
study are presented in Table 5. OC uses fast charging of either stationary Level 3 or dynamic fast
charging systems.

Table 5. Efficiency of charging.

Charging System
Efficiency of Charging (%)

Conductive Inductive

Stationary Level 1 85.8 [45] 78.4 1

Stationary Level 2 90.2 [45] 82.3 [46]
Stationary Level 3 88.7 [47] 81.0 1

Dynamic fast charging - 75.0 2

1 Efficiency values for inductive charging stationary level 1 and level 3 were estimated based on the differences in
Levels 1, 2 and 3 of conductive charging; 2 Efficiency values for inductive dynamic fast charging were not found in
literature but taken as 75%.
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2.4. Indicator Calculation

In the comparison between DVs and BEVs, the most important indicators are presented in Table 6.
Each indicator has a specific impact scale [48] and relevance to the vehicle types. If a category is found
irrelevant to a vehicle type, the value of the indicator is zero. The table also presents the main input
variable affecting the quantity of the indicator. The study only focuses on the key indicators, which are
relevant to both vehicle types, and whose calculation would not significantly overlap. These are the
costs incurred to the fleet owner and the emissions of CO2.

Table 6. Indicator relevance to DVs and BEVs, in terms of its source and influence.

Categories Indicators Impact Scale DV BEV Main Input Variable

Costs incurred
to fleet owner

Vehicle cost (and charging system) Individual Yes Yes Fleet size
Energy/fuel cost Individual Yes Yes Energy used
Maintenance cost Individual Yes Yes Distance travelled

Taxation and subsidies Individual Yes Yes Fleet size

Air and noise
pollution

Nitrogen oxides emissions Local Yes No Energy used
Volatile organic compounds emissions Local Yes No Energy used

Particulate matter emissions Local Yes No Energy used
Sulphur oxides emissions Local Yes No Energy used

Ozone concentration Local Yes No Energy used
Noise exposure Local Yes Yes Vehicle speed in sensitive area

Energy security
and climate

change

Efficiency of energy consumption National Yes Yes Energy used and power mix
Efficiency of vehicle fuel/energy consumption National Yes Yes Energy used

Use of renewable energy sources Global No Yes Power mix
CO2 emissions and other greenhouse gases Global Yes Yes Energy used and power mix

The study does not include several indicators for the following reasons. BEVs, because of its
electric powertrain, do not produce air pollution at the location where the effects of air pollution are
detrimental. Instead it is emitted, usually at the outskirts, where the power plants are located. Hence,
local air pollution produced by BEVs is zero. Also, though noise exposure is an important advantage of
the BEV, the calculation is not possible using the methods and data collected in this study, as it requires
a full traffic model and population density model [49]. Nevertheless, BEVs are significantly quieter
at speeds of less than 30 km/h, just quieter at speeds less than 50 km/h, and non-distinguishable
from DVs at speeds above 50 km/h [3], thus excluding them from the study will not be detrimental.
Finally, the study evaluates implicitly the energy efficiencies and use of renewables in the evaluation
of CO2 emissions.

The next sections present the procedures to calculate the costs using the lifecycle cost analysis
method and the CO2 emissions.

2.4.1. Lifecycle Cost

The costs incurred to the fleet owner is calculated using the lifecycle cost analysis, which “focuses
primarily on capital or fixed assets”, emphasizes “purchase price of the asset”, and the costs “to use,
maintain and dispose of that asset during its lifetime” [50]. The costs incurred throughout the lifecycle
are adjusted to the current day value using a discount factor, and finally aggregated into a single
indicator, the Net Present Value (NPV) [51]. As per the observable behaviour of vehicle owners in
Singapore, the NPV is calculated for the lifecycle period of 10, 15, and 20 years.

The calculated costs are presented in Table 7, together with the cost schedule and relevance to
different vehicle types. The selection of cost categories is an important step. Some costs, such as parking
and road pricing costs have been excluded, because of zero difference between the DV and BEV.

The discount rate implies that transactions occurring in the future have less worth, although
the currency value may be completely the same. This is based on the concept of time preference in
micro-economics. The discount factor used in the study is based on a discount rate of 5%, though other
studies have used values ranging from 5% to 15% [2,6,15,18,23,52]. The change of the NPV of the BEV
scenarios in comparison to the DV scenarios are presented in percentages.
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Table 7. Overview of costs calculated per vehicle in the lifecycle cost analysis.

Cost Categories Cost Schedule
Relevant Factors According to Vehicle Type

DV BEV

Vehicle purchase price Beginning of lifecycle

Vehicle base price Vehicle size Vehicle size

Battery cost NA Size of battery

Electric motor cost NA Size of electric motor

Charging receiver NA Charging system type

Vehicle purchase cost Beginning of lifecycle

Certificate of entitlement Certificate of entitlement cost Certificate of entitlement cost

Vehicle registration fees Vehicle type Vehicle type

Charging system cost Beginning of lifecycle

Charging system price NA Charging system type

Installation costs NA Charging system type

Battery replacement cost According to battery
replacement cycle NA Battery cost in year of

replacement

Renewal of certificate
of entitlement

In year 10, if the lifetime
is extended. Extension period Extension period

Road tax Annually Vehicle type, size, age Vehicle type, size, age,

Vehicle insurance Annually Vehicle purchase price Vehicle purchase price

Salary Annually Vehicle size Vehicle size

Maintenance cost Annually Total distance travelled and
vehicle type and size

Total distance travelled and
vehicle type and size

Energy cost Annually Fuel prices and total energy
consumed.

Eectricity prices, total energy
consumed and opportunity

charging strategy

Resale of vehicle End of lifecycle Vehicle price Vehicle price

2.4.2. Carbon Dioxide Emissions

The CO2 emitted in each scenario are estimated based on the energy produced by the power
plant for the BEV and the fuel used by the DV. For the BEV, the fuel is burned at the power plant
with an emission factor εco2 of 0.4332 kg CO2/kWh [53] (as of 2014), with a transmission loss factor of
1.0383 [54]. For the DV, the emission factor εco2,DV of 0.2677 kg CO2/kWh is used [55]. Note that the
DV consumes more energy in kilowatt-hours than the BEV per distance travelled (see Figure 2), so the
lower value here is not indicative of lower CO2 emissions. The change of the CO2 emissions of the
BEV scenarios in comparison to the DV scenarios are presented in percentages.

3. Results

3.1. Vehicle Usage

The routes of Cases A and B (see Table 2) are depicted in Figure 3. Case A (Figure 3a) has a
distribution centre in the east and various cross-docking locations scattered around the rest of the
island. Case B (Figure 3b) has three distribution centres in Singapore, serving the three different regions.
The density of the stops is high and require multiple loading of the vehicles in the day. The routes of
Cases C and D are not presented here, because they have only a single delivery location each.

A detailed look at the modelling of fleet’s distance travelled is presented in Table 8. The distance
categories are chosen as it mirrors the expected critical distances for various OC strategies. Generally,
the vehicle in Case C is very intensively used, about 4 times the usage in Case D, over 4 times the
average distance travelled in Case B, and over 6 times the average distance travelled in Case A.

228



Sustainability 2018, 10, 3258

 
(a) 

 
(b) 

Figure 3. Routes for cases (a) A and (b) B with transhipment points.

Both Cases A and B show a high discrepancy between the mean and maximum values for the
various distance categories. Case B has a slightly lower discrepancy than Case A. This might be
attributed to the use of three distribution centres in the latter, compared to the use of a single depot
and multiple cross-docks. Note however that the route and schedule planning did not aim to balance
the distances, and that this is not a general observation about multiple crossdocking.

Table 8. Route description according to various distance categories.

Case Case A Case B Case C Case D

Fleet size 64 53 1 1
Total distance 4683 5230 453 114

Distance statistics Mean Max Mean Max Mean Max Mean Max
Distance driven per vehicle 73.2 149.3 98.7 170.8 453.1 114.3

Distance per schedule segment 34.2 113.4 38.7 87.6 151.0 194.2 38.1 49.0
Distance per route 34.2 113.4 38.7 87.6 64.7 16.3

Distance per leg 2.3 47.6 1.7 31.4 32.4 33.0 8.2 8.8
Urban roads distance per vehicle 41.1 87.4 85.3 155.5 67.7 73.4

High discrepancies for the distances mean that the battery capacity for the fleet will likely be
oversized, because it is based on the requirement of the limiting vehicle. This leads to carrying
additional, expensive and heavy battery in vehicles, which are mostly underused.

3.2. Vehicle System Specification

The battery capacity of BEVs is modified to meet the energy requirements of the operations,
according to the different OC strategies. The percentage of energy transferred via OC in each charging
scenario is presented in Table 9. The addition of battery to vehicles impacts the total vehicle weight
significantly. For instance, the weight increase for S1 and S2 of Case C is 5800 kg for a 594 kWh battery,
which is 45% of the weight of the DV. However, the use of OC has a strong impact on the required
battery capacity, reducing it down to 29 kWh for S9 of Case C. This reduction varies from case to case,
which implies varying suitability to the OC strategies.

The energy transferred via OC shows how much the BEV relied on the external charging network
in the scenarios. The increased reliance on the OC network also implies that overnight charging
infrastructure can be reduced. As the table shows, the reduction of the battery capacity does not strictly
increase with the dependence on OC, although a logical relation can be assumed. More importantly is
“when” the OC takes place, as is exemplified in comparing the required battery capacity of S3 and S4
with S9 in Case D. The energy transferred via OC is about the same, but the battery capacity of S9 is at
least a quarter for S3 and S4.
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Table 9. Vehicle system and effectiveness of opportunity charging (OC).

Case Scenarios GVW (kg) Battery Capacity (kWh) Energy Transferred Via OC (%)

Case A

S0 2400 - -
S1, S2 3100 78 -
S3, S4 2900 58 68%
S5, S6 2900 58 46%
S7, S8 2600 27 73%

S9 2600 27 79%

Case B

S0 2400 - -
S1, S2 3200 88 -
S3, S4 2700 37 73%
S5, S6 2800 47 75%
S7, S8 2500 17 72%

S9 2700 37 67%

Case C

S0 13,000 - -
S1, S2 18,800 594 -
S3, S4 16,200 332 43%
S5, S6 14,700 180 74%
S7, S8 16,200 332 43%

S9 13,200 29 100%

Case D

S0 13,000 - -
S1, S2 14,400 150 -
S3, S4 13,800 90 57%
S5, S6 13,200 29 95%
S7, S8 13,200 29 86%

S9 13,100 19 56%

3.3. Indicators

To illustrate the changes accrued by different OC scenarios, the indicators were compared with
that of the DV scenarios. The change in NPV according to the respective service lifetimes are presented
in Figure 4a–c. The changes in CO2 emissions are presented in Figure 4d.

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 4. Percentage change of net present value (NPV) for service lifetime (a) 10, (b) 15 and (c) 20 years,
and (d) CO2 emissions.
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The comparisons of the NPV show that BEV scenarios for the courier transport operations (Cases A
and B) perform financially worse than for the furniture full-container-load transports (Cases C and D).
More specifically, the BEV-based courier transports are generally not financially viable (i.e., positive
change in NPV). The scenarios in Case C are mostly financially viable. The scenarios also show stark
reactions to the OC scenarios and to the use of inductive charging. All scenarios in Case D are fully
financially viable, even without the use of OC. They also display a moderate reaction to OC scenarios.

Based on the change in CO2 emissions, the potential reduction for courier transports (Cases A and B)
are systematically less than for furniture full-container-load transports (Cases C and D). Strikingly,
the reactions to the charging strategies are similar between the pairs Cases A and B and Cases C and D.
There is also a clear increase of CO2 emissions in inductive charging scenarios.

4. Discussions

With reference to the two research questions, the extent to which OC supports the business case
or affects the decarbonisation benefits of using BEVs are discussed.

4.1. Role of Opportunity Charging to Reduce Carbon Dioxide Emissions

The use of OC results in a reduction of CO2 emissions compared to the scenario without OC
(see Rows 1–4, Table 10), except for OC during highway driving for Case C and all the scenarios
in Case D. Each case reacts differently to the OC types (i.e., during breaks and shift changes,
during loading activity, during unloading activity, or while driving on highways).

To put the size of the impacts into perspective, a ceteris paribus sensitivity analysis was performed
testing the influence of charging technology, battery specific energy, and emissions of electricity
production (Rows 5–11, Table 10).

4.1.1. Role of Charging Technology

The calculated values for OC (Rows 1–4, Table 10) are based on conductive charging technology.
Moving from conductive charging to inductive charging (which could simplify operations) will
significantly add to the CO2 emissions in all case studies as analysed (see Row 5, Table 10)—almost
always negating the CO2 emission benefits of OC. Note that dynamic charging was performed using
only inductive technology (Scenario S9) in this study, thus it is always accompanied by an increase
in the CO2 emissions by a large margin. The efficiency of inductive charging should therefore be
improved as an enabler of dynamic charging.

4.1.2. Role of Battery Energy Density

The outcome of the sensitivity analysis on the specific energy (Rows 6–7, Table 10) agrees with the
literature that its influence on CO2 emissions is only slight [44]. Unexpectedly, the results do not show
that the influence is larger for BEVs with larger batteries, such as in Cases C and D.

4.1.3. Role of Electricity Production Emission Factors

In this study, the role of emissions during electricity production was not analysed in greater
detail. An average value for emissions factors based on the electricity production in Singapore of year
2014 [53] was used as the basis for the calculation. Generally, these emissions factors in Singapore
could be expected to reduce with renewable energy, improved power plant technology and the import
of energy from neighbouring countries [56]. However, the use of static averaged values might also
mask the temporal changes of the emissions factors. For instance, Finenko and Cheah [57] showed that
in Singapore, real-world emissions factors are only close to the averaged values in the early mornings
on weekdays and Saturdays, and generally throughout Sundays and public holidays. The marginal
emissions factors can vary up to double the averaged values [57].
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A brief sensitivity analysis of the emissions factor (see Rows 8–11, Table 10) show that whether
in the positive or negative direction, the value of the emissions factor has a significant impact on the
benefits of BEVs, much larger than provided by OC.

Table 10. Changes to the CO2 emissions due to scenario modifications.

Modifications to Scenario A B C D

OC during break or shift change −1.8% −5.7% −1.3% 0.2%
OC during loading activity −2.0% −4.3% −2.3% 0.3%

OC during unloading activity −5.5% −8.2% −1.3% 0.2%
OC while driving on highway −1.0% −1.9% 1.8% 2.5%

Inductive technology 6.0% 5.8% 5.8% 5.6%

10% specific energy −0.8% −1.1% −0.3% −0.1%
20% specific energy −1.6% −1.9% −0.5% −0.1%

+10% emissions factor 6.9% 7.0% 5.6% 5.3%
+20% emissions factor 13.8% 14.1% 11.3% 10.7%
−10% emissions factor −6.9% −7.0% −5.6% −5.3%
−20% emissions factor −13.8% −14.1% −11.3% −10.7%

4.2. Role of Opportunity Charging to Improve the Financial Business Case

OC’s main role is to reduce the operational limitation, while improving the financial attractiveness
of BEVs. To analyse the influence of OC on the lifecycle costs, the changes between inductive charging
scenarios and the DV scenario were calculated for each case (see Figures 5 and 6). The inductive
charging scenarios (S2, S4, S6, S8, and S9) were used, since the “OC while driving on highway” strategy
was calculated only with inductive charging technology. This isolates the influence of charging
technology to focus solely on the difference caused by each OC.

The financial cost categories in the analysis are the same as introduced in Table 7, except for the
“Misc. finances” category, which includes all taxes and registration fees, and “Vehicle purchase minus
resale (minus battery)”, which is self-explanatory. The battery costs are considered separately since it
is a major cost component and to compare it with the battery replacement costs. A positive value in
the figure implies an increase in the cost compared to the DV scenario, and a negative value implies
a benefit.

 

Figure 5. Cost difference breakdown of Cases A and B.
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Figure 6. Cost difference breakdown of Cases C and D.

The results show that OC reduces the magnitude of both cost and benefit, for all cases. Strikingly,
however, is that the costs are reduced substantially more than the benefits, particularly in the purchase
costs (vehicle, charging system and battery). On the other hand, battery replacement costs increase
slightly. The benefit of lower energy costs also reduces with lower purchase costs. Maintenance costs
(according to vehicle model) does not reduce, although it could be expected with lighter vehicles.

In summary, OC improves the business case, although not always sufficiently (i.e., negative total
difference). The magnitude of the influence of OC on the NPV is compared with other factors (charging
technology, service lifetime, battery specific energy, battery unit price, and electricity prices) using a
sensitivity analysis and presented in Table 11.

Table 11. Changes to the net present value.

Modifications to Scenario A B C D

OC during break or shift change −0.6% −3.0% −1.0% 0.9%
OC during loading activity −0.9% −3.2% −9.2% −0.6%

OC during unloading activity −3.8% −5.7% −1.0% −0.9%
OC while driving on highway −3.0% −2.3% −7.9% −0.8%

Inductive technology 2.5% 2.5% 4.0% 1.8%
+5 years’ service lifetime −1.6% −1.3% −1.6% −0.2%

+10 years’ service lifetime −2.3% −1.9% −3.1% −0.8%
10% energy density −0.2% −0.4% −0.3% −0.1%
20% energy density −0.5% −0.5% −0.5% −0.2%
−20% battery price −2.1% −2.3% −3.7% −1.6%
−10% battery price −1.0% −1.1% −1.9% −0.8%

10% electricity prices 0.3% 0.4% 1.5% 0.6%
20% electricity prices 0.6% 0.8% 2.9% 1.2%
−20% electricity prices −0.6% −0.8% −2.9% −1.2%
−10% electricity prices −0.3% −0.4% −1.5% −0.6%

4.2.1. Role of Charging Technology

Like the effects on CO2 emissions, the use of inductive charging reduces the benefits of OC
(see Row 5, Table 11). The magnitude is greater than most reductions using OC in all the cases,
with some exceptions, like in Case C. Part of the reason for the negative influence of inductive charging
is the additional costs of the systems. However, as it also substantially increased CO2 emissions,
another reason would be the loss of energy efficiency caused by the systems. As the technology
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is still at the developmental stage, manufacturers will need to devise smarter ways to reduce the
inefficiencies [58,59].

4.2.2. Role of Service Lifetime

Extension of service lifetime is generally accepted to improve the business case of BEVs [23,24],
as is shown in our study (Rows 6–7, Table 11). The reasoning is that the high purchase cost of the vehicle
and charging system can be potentially off-set by the relatively lower operating and maintenance costs.
However, as battery replacement is considered after a fixed set of charging cycles, the potential savings
may differ [52]. Further, the study did not consider degradation of the battery over time, assuming
that the capacity fade is minimal at 3000 cycles [60].

4.2.3. Role of Battery Specific Energy and Price and Electricity Prices

Improving the battery specific energy (Rows 8–9, Table 11), without reducing the price of battery
(Rows 10–11, Table 11) is not effective to reduce the NPV. The decreasing prices for battery replacement
based on a variety of factors [61]—from production processes to market forces—was already considered
in the main study. Further reduction would have a direct bearing on the purchase price of the vehicle.

Also, unsurprisingly the business case depends on the variation of the electricity prices
(Rows 12–15, Table 11). The strongest effect is found in Case C, which also has highest energy usage
and cost compared to the other cases (compare Figures 5 and 6). This implies that operational
characteristics resulting in high energy cost savings take precedence in improving the business case
before the reduction of electricity prices.

4.3. Unused Battery Capacity of the Fleets

The puzzle remains as to why Cases A and B performed poorly financially compared to Cases C
and D. One potential reason is the unused battery capacity of the fleet. In the study, the fleets for Cases
A and B were taken to be homogeneous in terms of battery capacity and vehicle weight. The battery
capacity was sized according to the need of the limiting vehicle, which had the highest workload
measured in energy consumption. This meant that those BEVs with a lower workload did not fully
utilize the potential cost savings from the lower energy and maintenance costs associated with driving
distance range.

If this reason holds true, the effect of changes to the workload over time should also be investigated.
The study tried to recreate the vehicle usage for a single day, using the available data. While the study
assumed unchanging routes over time, daily transport operations happen within a more complex
context, where new routes could be added, old routes modified, and re-routing occur on the fly.
This too could result in unrealized savings potential.

As noted previously, OC can help with reducing the battery capacity needed on the vehicles,
thus reducing waste. However, in addition, two solutions already identified in literature can also help
deal with the expected variability of operational requirements in the fleet and in the future: modularity
of the battery system and the use of BEV-suitable routing and scheduling decision support systems
(DSS). In the first solution, within the fleet, each BEV can be fitted with the battery capacity it needs.
This can be changed in the future, though probably not regularly, when the operational requirements
change. In the second solution, the use of a DSS that balances energy expenditure, rather than distance
or duration, would reduce energy requirement variability within the fleet or that accounts for mixed
fleets with different driving ranges [15,62].

4.4. Availability of Charging Infrastructure

As previously stated, the study assumed installation of charging infrastructure at charging
locations and that it is not owned by the freight carrier. Since it is not owned by the user, it is not
included into the lifecycle cost analysis, although the price of electricity at different charging locations
were varied to reflect different costs. The study also assumed 100% availability of the charging
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infrastructure at the time needed by freight carrier. These are two strong assumptions about ideal
conditions for OC. But, as one can argue, these assumptions do not detract from the utility of the study,
rather they highlight the importance of further research.

The need for public charging infrastructure is a common issue [11,63]. In the study, the energy unit
cost for all OC was assumed to be higher than for overnight charging by more than 33% [64]. This was
used to account for the commercial case of public charging services. Existing literature do not currently
discuss business models of charging services for commercial vehicles. However, in comparison to
charging stations for passenger vehicles, the business case for providing these services to commercial
vehicles are better for the following reasons:

• BEVs for commercial trips do not occupy a parking-cum-charging slot for a long period compared
to passenger vehicles, thus the turnover rate for that slot is higher.

• Related to that, existing IT-based management and booking of loading bays can help to ensure
availability and high utilization of charging slots for BEVs.

• BEV drivers, which depend on OC to extend their journey, would be more willing to pay the
additional premium on the charging bill.

These a priori reasons provide a basis for further research into the business models of charging
services for commercial vehicles. Some interested parties could be: utility providers, who have an
interest in increasing electricity usage; logistics facilities owners, who can increase revenue sustainably;
or vehicle manufacturers, who have an interest in supporting its own products [65].

5. Conclusions

The study argued for the utility of four different OC strategies, particularly from the perspective
of lifecycle costs and of the decarbonisation benefits. The BEV scenarios reduced CO2 emissions by
at least 23%, up to at least 39% specifically for full-container-load transport cases (i.e., Cases C and
D). Stakeholders, who desire to see CO2 emissions reduce in the road transport sector will find OC a
good approach for most cases. In general, OC was found to reduce lifecycle costs, without a significant
trade-off of the decarbonisation benefits. One notes that despite a general reduction of lifecycle costs,
none of the scenarios of Case A were financially suitable. Other solutions from the fleet managers’
perspective that can be used (see Table 1) must instead be considered.

The study highlighted other potential optimal technological and operational conditions that work
together with OC to reduce costs and CO2 emissions, such as restricting the use of inductive charging,
increasing the service lifetime, and reducing the battery and electricity prices. Policy makers can
make use of the results, particularly in supporting the business models of charging service providers,
reducing regulations that limit the service lifetime of BEVs and promoting the reduction of battery and
electricity prices.

Further research in this field could consider a more complete coverage of UFT operations, perhaps
using agent-based models that can recreate vehicle usage at an operational level. There is also a need
for further understanding the charging service ecosystem and how land use and transport policy can
be co-opted to support its development in the commercial vehicle segment. Finally, future work should
integrate the plethora of strategies outlined in Table 1 to find optimal bundles of solutions that can
push for BEV use in urban freight.
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Budějovice, České Budějovice 37001, Czech Republic; hlatka@mail.vstecb.cz (M.H.);
bartuska.vste@seznam.cz (L.B.)
* Correspondence: lizbetin@mail.vstecb.cz

Received: 26 June 2018; Accepted: 23 August 2018; Published: 25 August 2018

Abstract: The paper deals with the issue of greenhouse gas emissions that are produced by the road
freight transport sector. These emissions affect the structure of the ozone layer and contribute to
the greenhouse effect that causes global warming-issues that are closely associated with changing
weather patterns and extreme weather events. Attention is drawn to the contradictions linked
to FAME (Fatty Acid Methyl Esters) biofuels, namely the fact that although their use generates
almost zero greenhouse gas emissions, their production requires high levels of energy consumption.
The first part of the paper deals with the theoretical basis of the negative impacts of transport on
the environment and the subsequent measurement of the extent of the harmful emissions generated
by the road freight transport sector. In the methodical part of the paper, the calculation procedures
and declared energy consumption and greenhouse gas emissions generated by transport services
are analyzed according to the EN 16258 standard. The experimental part of the paper focuses on the
application of the methodology to a specific shipment on a specified transport route, where the total
energy consumption and production of greenhouse gas emissions is determined. These calculations
are based on comprehensive studies carried out for a particular transport company that assigned the
authors the task of determining to what extent the declared energy consumption and greenhouse gas
emissions change when the type of fuel used is changed.

Keywords: energy consumption; greenhouse gas emissions; road freight transport; calculation;
transport service

1. Introduction

Transport, as one of the fundamental parts of a logistics chain, has significant economic influence
on the standards of living in the developed countries of the European Union. With the development of
transport in the 1990s, came early warning signs of the negative impact of different means of transport
on the environment. Initially, it concerned the impact on the environment in urban agglomerations,
where emissions from (fossil fuel) engines and noise pollution started to reach permitted limits.
The issue of reducing the negative impacts of transport subsequently started to be addressed by a wide
range of governmental and non-governmental research organizations [1].

Over time, plans for reducing the negative environmental impact of transport were developed
not only at the municipal and regional levels but also at the national and international levels. Scientists
started to deal with the issue and developed studies that addressed a much wider range of negative
aspects and their impact on the global environment. These works contain, inter alia, many proposals
to address the situation, proposals which are considered more or less acceptable in terms of sustaining
the growth of national economies and the standards of living of their inhabitants. This poses a
fundamental dichotomy, i.e., how do we reduce the negative impacts of transport, as well as all other
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human activities on the environment, whilst trying to maintain current levels of economic growth and
living standards [2,3]?

This article focuses on the specific issue of the declaration of energy intensity and greenhouse gas
emissions of biofuels. Biofuels have much more positive results in terms of greenhouse gas emissions,
but the efficiency of biofuel production is questionable. FAME (Fatty Acid Methyl Esters) are acids that
are created during the transesterification of vegetable oils and animal fats that create biodiesel. FAME
is the generic chemical term for biodiesel derived from renewable sources [4]. Therefore, the authors
have identified a research question: “How does an increase of the bio-components in diesel fuel affect
the energy intensity of biofuel production?” For this research work, the authors used the verified
methodology EN 16258, which is characterized in Section 3.2. Using this methodology, the energy
intensity of production was calculated for the individual shares of the bio-component [5,6]. In addition
to the energy intensity of production, the authors also calculated the production of greenhouse gas
emissions, but the calculation is illustrative only and aims to point to the environmental benefits of
biofuels [7,8].

2. Literature Review

The issue of greenhouse gas emissions in association with freight transport and its sustainability
have been extensively discussed in literature. For example, Quiros et al. [5] suggest that 70% of
freight transport is conducted with the use of road vehicles that are responsible for producing 20% of
greenhouse gas emissions in the area of transport. A study by Pan et al. [6] focuses on the possibilities
for reducing energy consumption and greenhouse gas emissions through the consolidation of freight
transport. In particular, they state: “It is well established that the consolidation of freight transport
represents an effective way of improving the use of logistics resources.” The authors explore the impact
the pooling of supply chains at the strategic level might have on the environment. The suggested that
pooling of supply networks represents a practical approach to CO2 emissions reduction. The study
presented by Woodcock et al. [7] produced similar results.

The majority of authors [8–13] suggest that the sustainability of freight transport lies in a more
effective synchronization of individual kinds of transport; so-called synchromodality. As stated by
Agbo and Zhang [8], synchromodality has the potential to increase the use of transport services.
The advantages in terms of environmental sustainability lie in the reduced use of lorries and the
subsequent reduction in greenhouse gas emissions, congestion, noise, etc.

As stated by several authors [14–17], the use of alternative fuels in road freight transport is
another means by which to reduce energy consumption and greenhouse gas emissions. For example,
according to Floden and Williamsson [17], the use of biofuels presents a practical way for developing a
sustainable system of freight transport. In a study by de Jong et al. [16], measures are examined that
could make future biofuel production more efficient.

In contrast to previously published results [8–11,16], the submitted article focuses on a different
way of assessing the efficiency of biofuel use, namely from the point of view of the energy consumption
required for its production. The methodology of the European Committee for Standardisation [18]
was used as a basis for the assessment and was quoted from a study by Konecny and Petro [19].

The methodology is explained in Section 3.2. Having employed this method, the authors
tried to point out the changes of the energy consumption of FAME biofuel production in regard
to the increasing share of biofuels. The authors did not find this methodology and procedure in any
professional literature.

3. Materials and Methods

3.1. Emissions Theory

According to Pohl [20], the negative impacts of transport on the environment can be divided into
five basic categories, namely:
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• emissions—air pollution associated with the imperfect combustion of fossil fuels;
• noise pollution—from combustion engines and the movement of vehicles along transport routes;
• vibrations—due to the movement of vehicles along transport routes;
• water pollution—from the leakage of working fluids, as well as the leakage of transported

substances and fluids due to traffic accidents;
• traffic accidents—in terms of the people and animals killed.

Airborne pollutants are partially transported by air and therefore do not only influence the place
where the emissions are generated. In order to fully analyze the negative impacts of transport, it is
essential to fully understand the relationship “emission—transmission—deposition—immission”.

1. Emission—this term describes the generation and release of harmful substances. Emissions are
expressed in absolute terms, such as the weight of a specific airborne pollutant, or the pollutants
generated by one vehicle in relation to (per) distance travelled.

2. Transmission—this term describes the spread of pollutants by air. Transmission depends on a
variety of factors (type and amount of emissions, meteorological conditions, etc.).

3. Deposition—this term describes the deposition of pollutants at different sites on the Earth´s
surface due to transmission. Wet deposition includes precipitation in liquid form (e.g., rain,
fog, etc.). Dry deposition includes pollutants that fall from the atmosphere due to transmission,
mostly in the form of dust.

4. Immission—this term describes the concentration of pollutants in the air and their impact on
humans and the environment, as well as on, for example, buildings. The scope of the impact
directly depends on the concentration of the pollutant at the point and period of its activity.
Immissions are expressed in absolute units of mass per volume (e.g., g/m3).

When describing the impact of specific pollutants, it is necessary to analyze the complex path
from emission to immission, since it is the only way to determine with precision the harmful effects,
i.e., the relationship between cause and effect [21].

Gases that trap heat in the atmosphere are called greenhouse gases. The Kyoto Protocol highlights
six fundamental gases that influence climate change the most: carbon dioxide (CO2), methane (CH4),
nitrous oxide (N2O), sulfur hexafluoride (SF6), hydrofluorocarbons (HFCs), and perfluorocarbons
(PFCs) [2,22].

The Kyoto Protocol [16–19] also states that these greenhouse gases must be converted into
aggregate average emissions as expressed in CO2e units (carbon dioxide equivalent). This conversion
takes into account the different ability of the identified gases to cause the greenhouse effect, as well
as their atmospheric lifetime. Although CO2 is not the gas with the greatest ability to cause the
greenhouse effect, it is the most significant anthropogenic greenhouse gas. It is for this reason that the
other gases are converted into CO2e (see Table 1).

Table 1. Global warming potential of greenhouse gases. GHG: greenhouse gas.

GHG Chemical Formula Atmospheric Lifetime (Years) Global Warming Potential

Carbon dioxide CO2 50–200 1
Methane CH4 12 (±3) 21

Nitrous oxide N2O 120 310
Sulfur hexafluoride SF6 3200 23,900

Source: Authors based on Telang [3].

An example of the CO2e calculation process follows. The calculation is based on the production
of electricity by a diesel aggregate that consumes 100 L of diesel oil.

1. CO2 emissions = Fuel consumption in unit of volume × CO2 emission factor
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2. CH4 emissions = Fuel consumption in unit of volume × CH4 emission factor
3. N2O emissions = Fuel consumption in unit of volume × N2O emission factor

Overall greenhouse gas (GHG) emissions in tCO2e = (CO2 emissions) + (CH4 × 21) + (N2O * 310)

1. CO2 emissions = 100 × 0.00265 [3,23]
2. CH4 emissions = 100 × 0.00000036 [3,23]
3. N2O emissions = 100 × 0.000000021 [3,23]

Overall GHG emissions = 0.265299393 + (0.000035819 × 21) + (0.00000215 × 310) = 0.2667 tCO2e

3.2. Methodology for the Calculation and Declaration of Energy Consumption and Greenhouse Gas Emissions
for Transport Services According to the EN 16258 Standard

The EN 16258 standard sets out the methodology and requirements for the calculation and
declaration of energy consumption and greenhouse gas emissions for transport services. The standard
was developed for the purpose of unifying existing carbon footprint calculations and their comparison.
In calculations of energy consumption and emissions in relation to vehicles, energy consumption and
emissions relating to the production and distribution of fuels or electric energy are taken into account.
This ensures that the standard assumes a “Well-to-Wheel” (WtW) approach in terms of calculations
and declarations (see Figure 1).

 

Figure 1. Vehicle life cycle assessment. Source: Authors based on the European Committee for
Standardisation [18].

WtW therefore includes the aforementioned energy and emissions for the production of fuels or
electric energy, Well-to-Tank (WtT), as well as the energy consumption and greenhouse gas emissions
relating to the operation of vehicle Tank-to-Wheel (TtW) [18,19,24–28].

The Well-to-Wheel analysis therefore determines the consumption of fossil fuel energy and the
production of CO2e for driving conditions that correspond to the European homologation cycle.
The standard further specifies individual processes and principles that are essential for the correct
calculation of energy consumption and greenhouse gas emissions [29–32].

The operational processes of a vehicle must include the operation of all vehicle systems, including
propulsion units (main engines), ancillary services, auxiliary equipment used for maintaining the
temperature of the load area, and vehicle handling and transshipment systems.

The energy processes for the consumed fuel must include the extraction or primary energy
production, refining, transformation, transport, and distribution of energy during all production stages.
The principles for calculating the energy consumption and greenhouse gas emissions of transport
services must take into consideration all vehicles used for providing transport services, including
those that are subcontracted. Furthermore, it must include the overall fuel consumption of each energy
carrier and all laden and unladen journeys [18].
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3.2.1. Individual Steps of the Calculations for a Specified Transport Service

The calculation(s) for a specified transport service must include the following steps:

1. Identification of the various journeys (legs) that make up the specified transport service.
2. Calculation of energy consumption and greenhouse gas emissions for each leg of the specified

transport service.
3. Sum of the results for each leg of the specified transport service [33,34].

The calculation of overall energy consumption and greenhouse gas emissions is performed
as follows:

Ew (VOS) = F (VOS) × ew (1)

Gw (VOS) = F (VOS) × gw (2)

Et (VOS) = F (VOS) × et (3)

Gt (VOS) = F (VOS) × gt (4)

where is:

Ew (VOS)—Well-to-Wheel energy consumption vehicle operating system (VOS);
Gw (VOS)—Well-to-Wheel greenhouse gas emissions VOS;
Et (VOS)—Tank-to-Wheel energy consumption VOS;
Gt (VOS)—Tank-to-Wheel greenhouse gas emissions VOS;
(VOS)—overall fuel consumption VOS;
ew—Well-to-Wheel energy factor for fuel used;
gw—Well-to-Wheel greenhouse gases factor for fuel used;
et—Tank-to-Wheel energy factor for fuel used;
gt—Tank-to-Wheel greenhouse gases factor for fuel used.

The values for the energy and greenhouse gas factors are taken from the EN 16258 standard (2013).

3.2.2. Principles for Allocating the Share of Energy Consumption and Emissions per Unit of Cargo

The overall energy consumption and greenhouse gas emissions of the vehicle operation system
(VOS) must be allocated to a unit of cargo. The EN 16258 standard applies tkm as the unit for
determining transport performance, which is the product of the mass (weight) of the cargo carried and
the kilometers travelled [35–37]. The mass is the weight of the cargo transported, including packaging,
container(s), pallet, etc. The basic formulas for allocating the cargo are as follows:

S (leg) = (T (leg))/(T (VOS)) (5)

Ew (leg) = Ew (VOS) × S (leg) (6)

Gw (leg) = Gw (VOS) × S (leg) (7)

Et (leg) = Et (VOS) × S (leg) (8)

Gt (leg) = Gt (VOS) × S (leg) (9)

where is:

S (leg)—factor for calculating the share of energy consumption and emissions of the vehicle
operation system (VOS) to be allocated to a specified transport service;
T (leg)—transport performance for leg of the specified transport service;
T (VOS)—transport performance VOS.
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4. Results

The results presented in this article are taken from a study conducted for a private transport
company [38] that entrusted the authors with the task of finding out how a change in the kind of fuel
used by its lorries for international road freight transport might influence their energy consumption
and greenhouse gas emissions. The calculations were made for a specified transport route, namely
Aschaffenburg to Domoradice, as determined by the transport company. The results of the calculations
with regard to energy consumption and greenhouse gas emissions according to EN 16258 for the route
are summarized in Table 2.

Table 2. Calculated results for diesel.

Diesel with 6% Biocomponent

Distance
(km)

Consumed Fuel
(L)

Cargo Weight
(t)

Ew

(MJ/L)
Et

(MJ/L)
Gw

(kgCO2e/L)
Gt

(kgCO2e/L)

582 169 17,251 7469.8 6033.30 534.04 424.19

Source: Authors.

Table 3 shows the energy consumption and greenhouse gas emissions figures on the basis of the
use of 100% FAME biodiesel. The route is the same but with slight nuances in the distance travelled
due to the lorry landing at a different hall.

Table 3. Calculated results for FAME (Fatty Acid Methyl Esters) biofuel.

FAME Biodiesel

Distance
(km)

Consumed Fuel
(L)

Cargo Weight
(t)

Ew

(MJ/L)
Et

(MJ/L)
Gw

(kgCO2e/L)
Gt

(kgCO2e/L)

596 184 16,830 12,604.00 6035.20 353.28 0.00

Source: Authors.

Figure 2 shows a clearer comparison of the results. The results clearly show that the share of
energy consumed for FAME production is much higher than that for diesel. This fact is logical when it
is taken into consideration that this type of fuel is made from industrial crops. In this case, it does not
concern extraction but the cultivation of crops and the process of their transformation into a substance
that can be used, for example, as a fuel for compression-ignition engines.

0.00

5,000.00

10,000.00

15,000.00

Ew (MJ/L) Et (MJ/L) Gw
(kgCO2e/L)

Gt
(kgCO2e/L)

Diesel with 6% bio-
components

FAME Biodiesel

Figure 2. Comparison of diesel with 6% biocomponent and FAME biodiesel. Source: Authors.

What is even more important is the fact that there are no greenhouse gas emissions during
combustion in compression-ignition engines. Greenhouse gas emissions are generated only in the
production and distribution of FAME, which is also partly influenced by the natural production of
CO2 during the cultivation of the plants. However, it should be stressed that this article only deals
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with greenhouse gas emissions, i.e., carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur
hexafluoride (SF6), hydrofluorocarbons (HFCs), and perfluorocarbons (PFCs) [39–42].

5. Discussion

Having conducted their study of energy consumption and greenhouse gas emissions for various
kinds of fuels, the authors were motivated by previous existing literature [13–16,43–50] to apply the
methodology to the calculation of the energy consumption related to FAME biofuel production and
the EN 16258 standard.

The results (see Figure 2) reveal a relatively large increase in energy consumption for FAME
biodiesel. The applied method enables a quick and easy analysis of the energy consumption and
greenhouse gas emissions related to the production of mixed fuels.

The calculations that follow are based on the following assumption: that the same model of
vehicle goes from point A to point B and always consumes 100 L of diesel, but that the volume of the
biocomponent in the diesel differs—from pure diesel (0% biocomponent) up to 100% FAME biodiesel.

The calculations were made for all available volume shares of diesel/biodiesel [51,52]. In order
to calculate the energy consumption on the basis of fuel production and distribution, so-called WtT
(Well-to-Tank), the difference in the numbers for total energy consumption (WtT) and the energy
consumed for the transport service (TtW) needed to be explored. The results for WtT are presented in
MJ units in Table 4.

Table 4. Energy consumption analysis for FAME biofuels.

Biocomponent
(in %)

0% 1% 2% 5% 8% 10% 15% 20% 50% 85% 100%

TtW et [MJ] 3590 3590 3580 3570 3570 3560 3540 3530 3440 3330 3280
WtW ew [MJ] 4270 4300 4320 4400 4480 4530 4660 4790 5560 6460 6850

TtW gt [kgCO2e] 267 264 262 254 246 240 227 214 134 40 0
WtW gw [kgCO2e] 324 323 321 317 313 311 304 298 258 212 192

WtT [MJ] 680 710 740 830 910 970 1120 1260 2120 3130 3570

Source: Authors based on [17,22,38].

The following Figure 3 compares an increase in energy consumption for WtT production of mixed
fuel diesel/biodiesel in relation to a percentage volume share of biocomponents with a decreasing
production of greenhouse gas emissions from the entire life cycle of WtW fuels.

 

Figure 3. Comparing results of analysis on FAME biofuels energy consumption. Source: Authors.

It is clear from Figure 3 that under current technologies the production of biofuels, namely FAME
biofuels, is unacceptably energy-intensive. This results in very poor competitiveness in the fuel market.
Fossil fuels are currently considered environmentally unsuitable and, as a result, are presently listed
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as non-renewable energy sources. Biofuels have the character of a renewable source of fuel, but their
huge drawback is their overly “expensive production” (which is shown in Figure 3). It will therefore
be necessary to look for a more energy-efficient biofuel production process in order to be competitive
with other types of fuels.

6. Conclusions

If we compare the lowest greenhouse gas emissions of 100% FAME biodiesel and the lowest
energy consumption necessary for the production of 100% diesel (fuel with 0% biocomponent), it is
possible to draw an interesting conclusion. To reduce greenhouse gas emissions by 69% compared to
common diesel, we must produce biofuel, the production and distribution of which would consume
more than four times more energy than diesel.

Biofuels, therefore, have considerably more favorable parameters than conventional fossil fuels
in terms of greenhouse gas emissions, but their production is inefficient in terms of energy intensity.
The high energy intensity of the FAME biofuel production is negatively reflected in its fuel price.
The price is still higher than the price of conventional fuels, which results in a lack of interest in using
more environmentally acceptable types of fuel. There is still a large group of customers who do not
take into account the production of greenhouse gas emissions but only fuel costs.

This opens up a new area of research, namely into the search for possibilities to lower this level
of energy consumption to an acceptable level so that 100% FAME biodiesel becomes competitive on
the fuel market, thereby contributing to the reduction of the negative impacts of transport on the
environment and ensuring sustainable transport development.

In conclusion, the authors want to highlight the need for a new approach in the assessment of
energy consumption and greenhouse gas emissions in transport due to the high energy consumption
linked to the production of FAME biofuels. Within this context, the presented results should open up a
broader discussion into the sustainability of biofuels as a whole.
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Republic, 2016.

39. Cristea, A.; Hummels, D.; Puzzello, L.; Avetisyan, M. Trade and the greenhouse gas emissions from
international freight transport. J. Environ. Econ. Manag. 2013, 65, 153–173. [CrossRef]

40. Stojanovic, D.; Velickovic, M. The Impact of freight Transport on greenhouse gases emissions in Serbian
Cities—The Case of Novi Sad. Metal. Int. 2012, 17, 196–201. [CrossRef]

41. Bartuska, L.; Gross, P.; Nemec, F. Measurement of the Efficiency of the Combustion Engine Using a Mixture
of Hydrogen-oxygen Gas. In Proceedings of the International Conference Transport Means 2016, Kaunas,
Lithuania, 5–7 October 2016; pp. 481–486.

42. Vermeulen, A.T.; van Loon, M.; Builtjes, P.J.H.; Erisman, J.W. Inverse transport modeling of non-CO2

greenhouse gas emissions of Europe. In Air Pollution Modeling and Its Application XIV, Proceedings of the 24th
NATO/CCMS International Technical Meeting on Air Pollution Modelling and Its Application, Boulder, CO, USA,
15–19 May 2000; Springer: Berlin, Germany, 2001; pp. 631–640. ISBN 0-306-46534-5.

43. Zamora-Cristales, R.; Sessions, J.; Marrs, G. Economic implications of grinding, transporting, and pretreating
fresh versus aged forest residues for biofuel production. Can. J. For. Res. 2017, 47, 269–276. [CrossRef]

44. Licht, F.O. Biofuels in transport in 2016. Int. Sugar J. 2016, 118, 200–203. [CrossRef]
45. Hao, H.; Geng, Y.; Li, W.Q.; Bin Guo, B. Energy consumption and GHG emissions from China's freight

transport sector: Scenarios through 2050. Energy Policy 2015, 85, 94–101. [CrossRef]
46. Fedorko, G.; Molnar, V.; Strohmandl, J.; Vasil, M. Development of Simulation Model for Light-Controlled

Road Junction in the Program Technomatix Plant Simulation. In Proceedings of the International Conference
Transport Means 2015, Kaunas, Lithuania, 22–23 October 2015; Volume 169, pp. 466–499.

47. Garcia-Alvarez, A.; Perez-Martinez, P.J.; Gonzalez-Franco, I. Energy Consumption and Carbon Dioxide
Emissions in Rail and Road Freight Transport in Spain: A Case Study of Car Carriers and Bulk Petrochemicals.
J. Intell. Transp. Syst. 2013, 17, 233–244. [CrossRef]

48. Odhams, A.M.C.; Roebuck, R.L.; Lee, Y.J.; Hunt, S.W.; Cebon, D. Factors influencing the energy consumption
of road freight transport. Proc. Inst. Mech. Eng. Part C J. Mech. Eng. Sci. 2010, 224, 1995–2010. [CrossRef]

248



Sustainability 2018, 10, 3025

49. Simikic, M.; Tomic, M.; Savin, L.; Micic, R.; Ivanisevic, I.; Ivanisevic, M. Influence of biodiesel on
the performances of farm tractors: Experimental testing in stationary and non-stationary conditions.
Renew. Energy 2018, 121, 677–687. [CrossRef]

50. Cho, H.U.; Park, J.M. Biodiesel production by various oleaginous microorganisms from organic wastes.
Bioresour. Technol. 2018, 256, 502–508. [CrossRef] [PubMed]

51. Kolb, I.; Wacker, M. Calculation of energy consumption and pollutant emissions on freight transport routes.
Sci. Total Environ. 1995, 169, 283–288. [CrossRef]

52. Vaishnav, P. Greenhouse Gas Emissions from International Transport. Issues Sci. Technol. 2014, 30, 25–28.
[CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

249



sustainability

Article

Sustainable Timber Transport—Economic Aspects of
Aerodynamic Reconfiguration

Erik Johannes 1, Petter Ekman 1, Maria Huge-Brodin 2 and Matts Karlsson 1,*

1 Division of Applied Thermodynamics and Fluid Mechanics, Department of Management and Engineering,
Linköping University, Linköping 581 83, Sweden; erijo972@student.liu.se (E.J.); petter.ekman@liu.se (P.E.)

2 Division of Logistics and Quality Development, Department of Management and Engineering,
Linköping University, Linköping 581 83, Sweden; maria.huge-brodin@liu.se

* Correspondence: matts.karlsson@liu.se; Tel.: +46-13-281199

Received: 27 April 2018; Accepted: 6 June 2018; Published: 12 June 2018

Abstract: There is a need to reduce fuel consumption, and thereby reduce CO2-emissions in all parts
of the transport sector. It is also well known that aerodynamic resistance affects the fuel consumption
in a major way. By improving the aerodynamics of the vehicles, the fuel consumption will also
decrease. A special type of transportation is that of timber, which is performed by specialized
trucks with few alternative uses. This paper follows up on earlier papers concerning Swedish
timber trucks where aerodynamic improvements for timber trucks were tested. By mapping the
entire fleet of timber trucks in Sweden and investigating reduced fuel consumption of 2–10%,
financial calculations were performed on how these improvements would affect the transport costs.
Certain parameters are investigated, such as investment cost, extra changeover time and weight
of installments. By combining these results with the mapping of the fleet, it can be seen under
which circumstances these improvements would be sustainable. The results show that it is possible
through aerodynamics to lower the transportation costs and make an investment plausible, with
changeover time being the most important parameter. They also show that certain criteria for a
reduced transportation cost already exist within the vehicle fleet today.

Keywords: timber trucks; fuel consumption; aerodynamic design; financial consequences

1. Introduction

According to the latest reports, greenhouse gas emissions continue to rise in the world [1].
In Sweden through the 1990s greenhouse gas emissions have increased by 20% [2] and demand for
reduced emissions and increasing fuel prices are ongoing challenges for the whole transport sector.
A large majority of Sweden’s cargo is transported on the road [3] and a special case of that is the
timber transports.

The total fleet of timber trucks consists of over 1600 registered timber trucks that transported
60 million tonnes of round wood last year. These trucks represent 2% of all heavy trucks in Sweden [4].
As these trucks are for a special purpose (timber transport only) the empty running is at least 50%,
resulting in a fill rate under 50%. This is not only when measured by weight, which ordinary trucks
also can achieve, but also measured by volume, which makes timber transports unique [5]. The half
part of the transport distance that is performed by empty trucks makes the fleet unique and any
changes in design must include not only all problems with an irregular cargo situation (piles of timber)
but also the empty vehicles [5]. The average drag coefficient can sometimes also be higher with an
empty truck than a loaded one which creates unique situations. Here it is also important to note
that drag coefficient is not the same as energy efficiency [5]. A lot of effort has over many decades
been made by truck manufacturers to reduce the emissions from the engine itself over many decades.
However little progress has been made when it comes to other efforts of reducing the fuel consumption
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of the timber trucks, and reports show that fuel consumption has remained around 0.58 L/km for the
last years, or 0.030 L/tonneskm, seen in Figure 1 [6]. Hence, alternative measures need to be taken.
From a technology perspective, the fleet needs to become greener through means other than more
efficient engines.

Figure 1. Presents the fuel consumption of timber trucks over the last 10 years. As can be seen, no real
development has taken place.

Through earlier research it has been shown that by improving the aerodynamics of the timber
trucks the drag coefficient can be reduced, and with that the fuel consumption [5,7]. This reduces the
CO2-emissions from the trucks, and lower fuel costs also benefit the haulers [5]. Fuel efficiency is also
a first priority for carriers since it is a major part (30%) of the total operating cost. Earlier research
has addressed aerodynamics improvements for trucks and implications from reduced drag on fuel
consumption, however holistic analyses of the economic consequences is still missing. Reduced fuel
consumption will also lead to reduced cost for the road carriers, but aerodynamics investments will
affect the trucks more than just reduced fuel consumption. For example, aerodynamics installment
will affect the cost of the trucks and the weight of the trucks as well. The implications this will have on
the total transport cost and economic calculations beyond reduced fuel cost is yet to be investigated,
but they will have a crucial part in the success of aerodynamic installments and improvements.

This study aims to further earlier research focused on technical, aspects and investigate and
conceptualize the economic implications aerodynamic improvements will have on transport costs.
The study addresses more parameters of aerodynamic improvements than just the fuel consumption
and aims to understand how these parameters will affect transport costs. It addresses the opportunity to
introduce aerodynamic improvements in the timber truck fleet as a means to reduce fuel consumption
and thereby reduce emissions. Through mapping the entire fleet of vehicles, numerical simulations
and economic calculations, the fleet is assessed and the possibility for feasible investment, here
described in terms of aerodynamic improvements, is investigated. This paper discusses challenges
and opportunities related to making the fleet more sustainable through reconfiguration.

Research Background

This study takes off from prior research in aerodynamic re-design of timber trucks based on
a combination of flow simulations and wind tunnel experiments. In addition, this analysis takes
inspiration from prior findings from green logistics research.

The flow simulations were done using Computational Fluid Dynamics (CFD). The simulations
were performed in the commercially available software ANSYS Fluent 18.0 (ANSYS Inc., Canonsburg,
PA, USA). The model has shown good agreement with experimental data for similar studies [8–11].
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In CFD simulations the domain consisted of a rectangular tunnel making it a “virtual wind tunnel”
where the model was placed 3.5 and 5 truck lengths from the inlet and outlet, respectively, to reduce
possible effects from the boundary conditions. The frontal area of the truck covers less than 1% of the
domain cross section area to minimize the blockage effect.

The free-stream was modeled with a velocity inlet with a prescribed uniform velocity profile,
with turbulence intensity 0.1%, a zero pressure-outlet and free-slip condition for the top and side
surfaces of the domain. The grid consisted of triangle surface mesh connected to a Cartesian grid.
Refinement of the mesh was done in regions where large gradients were expected. Between 6 and
16 prisms layers were added on all the no-slip surfaces to accurately capture the near wall flow.
The two-equation k-ε realizable turbulence model with Enhanced Wall Treatment (EWT) was used for
the RANS (Reynolds Averaged Navier-Stokes) simulations.

The ground and the surfaces of the truck (model) were modeled with no-slip condition, and to
replicate road conditions moving ground and rotating wheel conditions (rotational velocity boundary
conditions) were used. The truck was simulated at a Reynolds number of 4.9 million, based on the
truck height, which corresponds to the truck driving at 80 km/h and all simulations were performed
at a yaw angle of 5◦.

The tractive resistance of a ground vehicle can be divided into four separate parts [12], Equation (1).

FT = FROLL + FACC + FCLIMB + FDRAG (1)

where FROLL is the rolling-, FACC the acceleration-, FCLIMB the hill climb- and FDRAG the aerodynamic
drag. For a vehicle driving at constant speed on a relatively flat road, the rolling resistance and
aerodynamic drag are the dominating forces. While the rolling resistance varies linearly with the speed
of the vehicle, the aerodynamic drag varies with the square of this speed, Equation (2), which increases
the importance of it at higher speeds.

FDRAG = CD·0.5·ρair·U2
∞·A (2)

where CD is the drag coefficient, ρair the density of air, U∞ the free-stream velocity and A the reference
area. The results are presented in Table 1. Two representative cases are presented in Table 1. The Baseline
truck (BLT) is modelled after a standard, contemporary, road-going configuration, whereas the Bulkhead
Shield and the Side Skirts represents possible additions for the Baseline configuration. All CD reductions
are computed using CFD applying the methodology described above; the estimated fuel consumption
reduction is estimated as one-third of the CD reduction according to industry practice.

Table 1. Presents the results from different configurations.

Configuration CD CD Reduction Estimated Fuel Consumption Reduction

Baseline 0.70 - -
Bulkhead Shield 0.63 −10.4% 3.5%

Side Skirts 0.52 −24.8% 8.3%

Total pressure equal to zero represents the large pressure drop, hence energy loss in the flow.
The larger region, the larger energy loss for the flow and thereby more drag created. Figures 2–4
presents examples of the aerodynamic simulations where reduction in purple area (=total pressure
equal to zero) is clearly seen.
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Figure 2. Total pressure equal to zero for the Baseline unloaded timber truck at 5◦ yaw (Cd = 0.7). Note
a quite significant wake behind the cab.

Figure 3. Total pressure equal to zero for the unloaded timber truck fitted with a bulkhead shield at 5◦

yaw (Cd = 0.63). Note a reduced wake both in the immediate vicinity of the cab and along the trailer.

Figure 4. Total pressure equal to zero for the unloaded timber truck fitted with side skirts at 5◦ yaw
(Cd = 0.52). Note a smaller wake that is reduced along the whole of the vehicle.
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Green logistics research includes, among other areas, reducing freight transport externalities [13].
While this area comprises measures for reducing noise, as well as unwelcome environmental effects,
this study relates mainly to the latter.

In general, road carriers, as well as other logistics service providers (LSPs), have been quite
slow and reactive in adopting various green initiatives [14]. Important drivers for adopting green
initiatives among LSPs include top management engagement [15], customer demands, legislation and
the engagement among employees [14]. Barriers to adopting green initiatives include lack of customer
demands, lack of knowledge and insecure investments [16].

Technology in itself is not often a driver or barrier for road carriers wanting to go greener.
Overall technological development has in many ways already reduced CO2-emissions from freight
transport, while demands on fast and agile logistics contribute to accelerate them [17]. It is evident that
technology can reduce CO2-emissions from freight [18], however the insecure pay-off times—partly
due to short-term contracts with customers—in many cases hinder the implementation of technological
solutions for greener freight transport [18]. While green logistics research among other areas address
corporate environmental strategies [13], the strategic investment in greening technology is sparsely
addressed in prior research.

2. Materials and Methods

In order to collect the data needed for this project, a number of different methods and tools have
been used. The initial phase of the project consisted of gathering and the categorizing of the data
needed to map the current fleet of timber trucks, including vehicle data and travel distances.

This combined data was used as input for the financial calculations performed to analyze the
effects of these aerodynamic improvements. Environmental effects in term of reduced CO2-emissions
will be considered as proportional to reductions in fuel consumptions and will be discussed along with
the numerical analyses. In order to understand the strategic and logistics consequences of investments
in aerodynamics technology, a set of semi-structured interviews were conducted with different timber
carriers to obtain ideas and concerns about these possible aerodynamic improvements.

2.1. Mapping of the Fleet

The study includes all registered timber trucks in Sweden, hence no representative selection
was needed. The size of the fleet, 1662 trucks, makes is a suitable fleet to investigate and work with
registration data for every single truck.

The initial phase of the project was to categorize the entire fleet of timber trucks, including such
data as engine size and where they were registered. This was done to be able to use the results from
the economic calculation and try to match them with the results from the mapping and see where in
the country the changes of the fuel consumption would have the largest effect.

The mapping consisted of the gathering of data from different databases (publicly available) and
also the compiling of these data into a special purpose database. The vehicle data was received from
Transportstyrelsen, a state department in Sweden responsible for the all traffic. It is at Transportstyrelsen
a Swedish citizen register his/her vehicle and therefore the department is a valuable resource with
information about all the vehicles in Sweden. All the data had been collected by Transportstyrelsen.

The data received (per 19 June 2017) consisted of more than 30 different parameters for each and
every one of the 1662 timber trucks registered. This data represents a relevant subset of all the data
that is handled by Transportstyrelsen. The data was disconnected from the individual vehicles, hence
there is no possibility to trace specific data sets back to a specific vehicle. The parameters covered a
variety of types of information about the timber trucks, for example from the year it was manufactured
to the number of axis and length between them. All the parameters and the information of the trucks
used in this report can be found in Table 2.
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Table 2. Shows the data used from Transportstyrelsen in this project.

Vehicle Data Technical Data

Manufacturer Engine effect (kw) Height (mm) ECO-car
Vehicle type Fuel Number of axis CO2-emissions

Year Cylinder volume (cc) Distance between axis Particle value for fule
Date of registration Total weight (kg) Rim dimensions Emissions
Coach work code Tax weight (kg) Tire dimensions Tank volume

Energy consumption Trailer weight (kg) Coupling device EEG
Length (mm) Taxrate

Year of production Emission-classification
EURO-classification Gearbox

In the subsequent part the fleet was categorized according to distance travelled. Data was received
from Skogsbrukets Datacentral (SDC) and Skogforsk of the distances transported from every one of
the 21 counties in Sweden [19]. SDC is an economic association that connects the forestry industry
in Sweden, with over 500 forest industry groups connected. SDC regularly publish reports about
the forestry industry, timber transports included. Skogforsk is the Swedish research institute for the
forestry industry. With the help of that data the length and weight of the transports were analysed.
SDC collects data about where transport has taken place but not who or what vehicle did that transport.
Data about average distance and total weigh transported was received for three categories, wood used
as primarily biofuels, timber and pulpwood for each county. The data from each category were then
summarized for each county and average distance and total weight was concluded.

The emissions were calculated using data received from SDC and an emission factor [20]. By using
the length of the average transport in the county and multiplying it with the total weight transported
in that county the transport work (tonnes-km) was calculated. By then multiplying the transport work
with the emission factors, the emissions are calculated. It is important to note that this method was
chosen since no more specific data about every single transport in a county was received. The method
is then an estimate of the real-life situation, but it is a rough number and works as an indication.

2.2. Financial Calculations and Simulations

To be able to assess the economic result of the improved aerodynamics a Skogforsk program,
TransAm, was used. The program is developed by Skogforsk and is an Excel-application for investment
calculation of timber trucks [21]. The trucks can be modelled with a trailer and an on-board crane and
the cost for each can be set by the user. The costs that can be set for the different versions of trucks are
investment cost, salvage value, costs for service and reparation of trucks and wheels but also driver
wages and taxes and interest on capital.

The transport cost is of importance when using TransAm and its price function is an important
part of the financial calculation [22]. TransAm calculates the transport cost (Swedish kronor per
tonnes (SEK/tonnes)) for three user set distances and the cost is calculated as a linear regression of the
sum of the fixed and variable costs for the transport distances. The transport cost is calculated
from a couple of variables: maximum speed, changeover time, break time between transports,
fuel consumption and transport distance. These parameters together with the cost for the vehicle can
then be changed for the sensitivity analyses and a new transport cost in SEK/tonnes is calculated
compared to a user set base-line scenario [23]. In this report the investment cost, fuel consumption,
gross weight and changeover time were investigated besides the change in fuel consumption by the
aerodynamic improvements.

The base-line truck (BLT) for this project was a 64 tonnes gross weight timber truck with the
standard machinery and 44.8 tonnes net load weight. The truck was fully equipped, which means that
it has an on-board crane. The fuel consumption of the BLT was set to 0.58 L/km with a fuel price of
10 SEK/L and the changeover time was set to five minutes and the time for loading of was 40 min with
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an average speed of 80 km/h for the whole distance. It was also assumed that the BLT-truck drives
fully loaded one way and empty on the way back.

To be able to categorize which trucks the improvement of aerodynamics would be useful for,
different parameters were analysed to scope out the different requirements that the nature of the trucks
and carriers had to have. The different cases are presented in Table 3. The parameters used in this
study includes the (extra) weight and (extra) changeover time and the investment cost. The numbers
used here are representative values ranging from a very light-weight and simple aero-shield to a fully
re-designed truck-trailer outfit, including any combination thereof. The tests in Table 3 represents
a comprehensive parameter sweep in order to capture the general behavior of responses due to
single parameter variations and are based on a multitude of possible aerodynamically sound concepts
generated in a previous pilot study [5].

Table 3. The different parameters investigated in each test.

Test Parameters Values Tested

Test 1 Fuel reduction 2%, 4%, 6%, 8% and 10%
Test 2 Weight of instalment 100 kg, 500 kg and 1000 kg
Test 3 Extra changeover time 5 min, 10 min and 15 min extra
Test 4 Investment cost 10,000 SEK, 50,000 SEK and 100,000 SEK

Combination of the parameters in Table 3 were also investigated in to additional cases presented
in the result section and in Table 4. These combinations are set up in order to stress-test possible
aerodynamic concepts with real-world financial aspects.

Table 4. The different parameters investigated in each case.

Case Parameters

Case 1 Highest investment cost, highest weight, no extra changeover time

Case 2 Lowest investment cost, lowest weight, no extra changeover time, 5 min extra changeover
time and 15 min extra changeover time

Case 3 Highest investment cost, highest weight, 15 min extra changeover time and 10% fuel reduction

These different parameters and cases were then, as mentioned, used to map what requirements a
timber truck was to have to be profitable with the investment.

2.3. Interviews

A set of 4 interviews with road carriers were performed. The interviews were semi-structured
and based on a thematic interview protocol with the themes around the business model for how
road carrier contracts are designed. The interviews were conducted by phone. The results from the
interviews are used in the analysis and discussion to enrich the analysis of the calculations by adding
a company perspective.

3. Results

In this section the results of the project are presented. The results are presented according to
the different phases in the project. First, general results about the mapping of the vehicle fleet are
presented followed by a more extensive presentation of the economical results from TransAm.
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3.1. The Mapping

Today the fleet of timber trucks in Sweden consists of 1662 vehicles spread out across all the
counties in the country. All the counties are represented and the most number of registered trucks can
be found in Västernorrlands’ county, as seen in Figure 5.

Figure 5. (left) Presents the number of registered timber trucks per county; (right) Presents the
transport distance in Sweden.

The distance of the timber transports is short, where the majority the transports are no longer than
100 km. A reason for this is that a big part of the timber is only transported within the county, due to
the strategic placing of mills close to the resources [24]. The average distance for timber transport was
81.9 km [24] and almost 50% of all transports were between 40–99 km, but more than 75% are also
longer then 50 km. Not so surprisingly there is a correlation between which county has transported
the most weight and the counties with the most registered trucks, presented in Figure 5. There is no
overcapacity, and the counties with the most trucks are also among the top counties with the most
weight. The county with the most shipped weight according to transport work was Västernorrland.
The smallest amount on shipped weight took place in Gotland, the county with also the smallest
amount of registered trucks, presented in Figure 6.
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Figure 6. The distribution of counties in order of which county transported the longest average distance
and the total weight transported in that county.
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For the registered timber trucks, a number of trends can be seen. An unsurprising trend is that
trucks and the freight trains are getting heavier the newer the truck is. This is presented in Figure 7.
In the figure it can be seen that the biggest percentage of the freight trains weigh in average about
70–90 tonnes. It can also be seen that the development the latest years show that the freight trains are
getting heavier. The trucks that have been left out of the figure were older models and lighter trucks,
resulting in 1614 samples. The weight of the freight trains in this figure is the max weight combined
with the trailer weight for each truck.

 

Figure 7. The maximum weight of freight trains. The figure represents the development since 2000.
The figure includes 1614 trucks.

In correspondence to the bigger trucks the engines have also gotten larger during the years, which
is presented in Figure 8.

Figure 8. Presents the development of engine size. (left) Presents the engine size of the whole fleet as
of today and what year the trucks are from and (right) presents the development of the trucks from
2000–2020. At (left) 1662 trucks are included and at (right) 1614 are included.

The engines of the fleets are also up to date which can be seen in Figure 9 where the EURO-classes
are presented.
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Figure 9. The EURO-classifications of all timber trucks. The stacks present the share of the fleet and
the orange line is the accumulated shares.

80% of the trucks have the latest models of engines, of which the majority (almost 45% of all
trucks) are equipped with EURO-VI-engines. Even though the engines have developed, and the fleet
now mostly consists of newer engines, the fuel consumption of the trucks has not been improved,
as presented earlier.

3.2. Financial Calculations and Simulations

In this section the economic results according to TransAm are presented. The results of the
aerodynamic changes are presented in how they would affect the total cost of the transport in Swedish
kronor per tonnes (SEK/tonnes).

The reduction in fuel consumption that was investigated was from 2–10% with 2% intervals,
and the results are presented in Figure 10.

50 km

90 km

150 km

300 Km

2% 4% 6% 8% 10%

[SEK/tonnes]
6-8

4-6

2-4

0-2

Figure 10. Presents the cost reduction depending on reduction of fuel consumption. The values
represent how big the decrease in transport cost is in Swedish kronor per tonnes (SEK/tonnes).
The percent represents reduction in fuel consumption and the km the length of the transport. A negative
value represents an increase in transport cost and a positive value a decrease. For example, it can be
seen that the length has to be longer then 150 km with a fuel reduction of 10% to reach a reduced cost
of 4 SEK/tonnes or more.
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The biggest reduction in cost happens when the fuel consumption is the most improved, 10%.
It can also be seen that even an improvement of 2% generates a decrease in the total cost of the transport.
The decrease of the total cost is a linear function and it increases with the distance of the transport,
which can be seen by the biggest reductions taking place in transports with a distance 300 km.

The result presented in Figure 10 is only depending on the reduction in fuel consumption for the
timber trucks, but the aerodynamic kits will also affect other parameters of the trucks. In Figure 11 the
results regarding the weight of the aerodynamic kit is presented. The weight will affect how much the
timber trucks can haul and also therefore how profitable they will be able to be.

For weights less than or equal to 100 kg the investment will be profitable at all distances and with
all tested reductions in fuel consumption, therefore the figure for that is not presented.

When the weight of the installment increases, to 1000 kg in Figure 11 (right), the results show
that a fuel reduction of around 6% will lead to a decrease in transport cost for all distances. A lower
reduction than 5% will lead to an increase in transport cost. Naturally, the results also show that the
longer the distance, the larger the decrease in transport cost. The decrease in transport cost is also
lower when the weight of the instalment is higher, which can be seen by comparing the two.

In Figure 11, an unprofitable economical result is presented. The transport cost will increase for
the carriers, but the overall positive effect the fuel reduction has on the environment is not assessed in
this analysis. The greenhouse gas emissions will decrease with the fuel reduction, leading to a decrease
in external costs and even though the transport costs increase this decrease in external cost can justify
the investment.
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Figure 11. Presents the cost reduction as a function of weight. (left) Presents the cost reduction if
the weight of the installments is 100 kg; (middle) Presents the cost reduction if the weight of the
installments is 500 kg; (right Presents the cost reduction if the weight of the installments is 1000 kg.
Depending on the weight of the installment the truck will be able to load less. The values represent
how big the decrease in transport cost is in SEK/tonnes. A negative value represents an increase in
transport cost.

The unanimous response from the interviews was that the changeover time would be the most
important factor according to profitability. Therefore, an increase in changeover time was analyzed
through TransAm and the results are presented in Figure 12.

As can be seen, the changeover time has a big impact on the transport cost. An increase
in changeover time can be explained by, for example, extra time to set up the aerodynamic kits.
An increased changeover time of just 5 min will lead to increased transport cost, even with a fuel
reduction of 8% for distances of 50 km. An even longer time means that the fuel reduction needs to
be bigger or the transport distance longer for the investment to be profitable. The results show that
an increase in changeover time of 15 min will lead to the investment being unprofitable for distances
below 90 km, even with a fuel reduction of 10%. For distances of 300 km the fuel reduction needs to be
at least 4% for the investment to be profitable.

260



Sustainability 2018, 10, 1965

50 km

90 km

150 km

300 Km

2% 4% 6% 8% 10%

[SEK/tonnes]

15 minutes

4-6

2-4

0-2

-2-0

-4--2

50 km

90 km

150 km

300 Km

2% 4% 6% 8% 10%

[SEK/tonnes]

5 minutes

6-8

4-6

2-4

0-2

-2-0

Figure 12. Presents the cost reduction as a result of increased changeover time. (left) The cost reduction
as a result of five minutes extra changeover time; (right) The cost reduction as a result of 15 min
extra changeover time. The values represent how big the decrease in transport cost is in SEK/tonnes.
A negative value represents an increase in transport cost and a positive value a decrease.

The investment cost of the aerodynamics kits will also affect the transport cost. How much of the
impact it has is presented in Figure 13 (left). Only the highest investment cost investigated, 100,000
SEK, did only result in increased transport cost at the minimal distance and minimal reduction in fuel
consumption. Therefore, the lower investment costs are not presented since they in all cases lead to a
decreased transport cost.
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Figure 13. Presents the cost reduction of two different cases. (left) Presents the cost reductions with the
highest investment cost of 100,000 SEK; (right) Shows the cost reduction with the highest investment
cost and weight. No extra changeover time is included. The values represent how big the decrease
in transport cost is in SEK/tonnes. A negative value represents an increase in transport cost and a
positive value a decrease in transport cost.

To be able to see how these parameters would impact the result in combination with each other additional
cases were also investigated. The first case (Case 1 in Table 4) investigated was the highest investment cost, the
highest weight, but no extra changeover time; the results are presented in Figure 13 (right).

The results show the investment cost does not impact the transport cost in a major way. Even the
biggest investigated investment cost of 100,000 SEK will still lead to a cost reduction at a decreased
fuel consumption of 2% and at the shortest distance, presented in Figure 13 (left). Though in Figure 13
(middle) the impact of weight of installment is shown. The weight impacts the result and it can be
seen for the investment to be profitable for all distances a fuel reduction of around 9% is necessary.

To be able to determine the importance of changeover time, a case was analyzed with or without
extra changeover time to see how the results would be affected (Case 2 in Table 4). The extra changeover
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time was analyzed with the lowest investment cost and weight of the installment, the results can be
seen in Figure 14.
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Figure 14. Presents result from Case 2, how the changeover time affects the result. (left) Presents
the result with no extra changeover time, lowest investment cost and weight of installment; (middle)
Presents the result with 5 min extra changeover time, lowest investment cost and weight of installment;
(right) Presents the result with 15 min extra changeover time, lowest investment cost and weight of
installment. The values represent how big the decrease in transport cost is in SEK/tonnes. A negative
value represents an increase in transport cost and a positive value a decrease.

The results show that the changeover time impacts the result. As can be seen in Figure 14 (middle),
for the lowest distance the reduction in fuel consumption needs to be around 8% for the investment
not to lead to an increase in cost. If it is lower than 8%, the aerodynamic improvements will not
be sufficient enough to make up for the lost time that is needed while mounting the aerodynamic
kits. For the longest distance, 300 km, the aerodynamics improvements will lead to a decrease in
transport cost from the beginning, but it is approximately 2 SEK/tonnes lower than without the extra
changeover time.

With the same settings, how a 15min longer changeover time would affect the cost reduction
was also investigated. With an extra 15 min changeover time for assembly the investment will not be
profitable for distances shorter than 90 km. For distances of 150 km the fuel reduction has to be greater
than 7% and for distances of 300 km and longer the fuel reduction must to a minimum be 4%, otherwise
will it lead to an increase in cost. The results highlight the importance of the changeover time.

The worst possible case was also investigated. The meaning of worst possible case is the highest
investment cost, highest weight and the longest extra changeover time. The results show that even
with a 10% fuel reduction the investment will lead to increased cost for all investigated distances.
The investment will then not be strictly economical profitable.

To be able to understand what sort of effect this would have on the entire fleet and not to a
single carrier, a hypothetical case was analyzed. The county with the most transported weigh was
Västerbotten, as seen in Figure 5. If a fuel consumption of 0.030 L/tonneskm is assumed and all cases of
tested fuel reductions is tested this will lead to a decrease in total fuel consumption presented in Table 5.

Table 5. Presents the total results for the County of Västerbotten with assumed fuel reduction. The fuel
price was assumed 10 SEK/L and the emission factor 2.82 kg CO2-eq/L.

Fuel Reduction 2% 4% 6% 8% 10%

Decreased fuel (thousand litres) 319 638 957 1257 1557
Decreased emissions (tonnes CO2-eq) 900 1800 2700 3500 4400

As can be seen, over a million litres of fuel can be saved only in the County of Västerbotten with
aerodynamic improvements which will lead to decreased emissions as well.
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4. Discussion & Analyses

As presented in the results section, it is possible, through investments in aerodynamics, for road
carriers to lower their transportations costs by reducing their fuel consumption. The investment will
in many cases lower their operating transportation cost and it then becomes a question whether the
pay-off time of the investment becomes short enough for the road carrier’s willingness to invest in
them. This is something this study has not taken in consideration, but that needs to be considered in a
real-life investment situation.

The incentives for making a green investment depend on many factors, and the economic factor
can be a barrier towards investing. There are ways to lower this barrier and share the risk of the
investment. Today a timber truck usually consists of a truck purchased from one company, a trailer
purchased from another company, and the trailer usually has stakes from a third company. Many
actors are involved in a complete truck and this provides an opportunity for split the risk between
the actors. In the extended supply chain—there are five primary parameters included in a contract
between a road carrier and its customer where the risk can be shared by the seller and the buyer
according to according to Eng-Larsson (2017), which are presented in Table 6 [25].

The contracts between the timber carriers and their customers are today are mostly based on how
much timber is transported and how long the transport is. The pricing of the transport is based on the
volume that is delivered and a tariff is used for prices according to distance. From a risk viewpoint
this puts more risk on the road carriers for the parameters price structure, volume commitment and
performance-based payment which makes it more unlikely they would make green investments.
To reduce the risks for the road carriers, the pricing should avoid being based on achievement and
instead set a number of transports and volume that is supposed to be transported.

Table 6. How the risk is split between buyers and sellers in a contract [20].

Contract Component
More Risk is Allocated to the

Seller when Using
More Risk is Allocated to the Buyer

when Using

Price structure Price table Price specified across all dimensions

Price indexing No indices or surchagre Indices that capture all costs that may
vary over the contract horizon

Performance-based payment Payment contingen on
performance No performance-based payment

Volume commitent Frame agreements with loosely
specifiec volumes

Fixed volume and frequency of
shipment

Contract period Short period Long period

The contracts are longer than the individual rides and usually last for a couple of years which is
good from a risk viewpoint: this lowers the risk for the road carrier. Compared to the general transport
market situation [18], the timber transport market hence stands out as stable, with longstanding
contracts that support investments. For price indexing, lesser risk is also put on the road carrier.
The price that usually varies is the fuel price, and for that an index is used which changes every month
according to the fuel price, hence the road carrier is reimbursed at a reasonable level. The prices the
road carriers use will in this way reflect the actual price that the road carriers pay for the fuel which
reduces their risk.

The road carriers running a timber truck business are mostly very small companies, typically
one to a few trucks and a few drivers. Such companies in general fear investments to a higher degree
than larger firms who can better spread the risk of an investment. However, this study clarifies that
the road carriers don’t hesitate to invest in the latest engine technology, which was surprising for
the researchers. This investment can be interpreted as a positive attitude towards new technology,
which would be an important driver for implementing aerodynamic technology, and a novel driver
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compared to previous studies [9–11]. However, as mentioned, the contracts between the road carrier
and the forest owner needs to be more designed towards decreasing the risk for the road carrier in
line with what has been mentioned above. This is in line with prior research results regarding general
LSPs [13,18].

The results show that changeover time is the parameter that impacts the result the most.
One reason for this is the already tight time schedule the carriers are working on. The investment cost
and weight will affect the result, but not with such an amplitude as the changeover time. Even with
the lowest investment cost and weight the smallest added changeover time lead to barely profitable
results for distances lower then 90 km at a 10% fuel reduction. With 15 min extra changeover time,
the investment would lead to an increase in transport cost for all transports shorter then 90 km and a
small decrease in cost for distances close to 150 km. This shows the importance of the changeover time
and that producing an aerodynamic kit that does not have to be manually put on is important for the
profitability of the investment. The importance of the changeover time was also something that the
road carriers mentioned in the interviews, where all interviewees stated the changeover time to be
the most important and critical parameter. The timber trucks already today operate on a tight time
schedule and even more changeover time would make the business less profitable.

By combining the results of the mapping and the economical result from TransAm it is also
possible to decide where in Sweden the investment would be most profitable. Only some investments
investigated are profitable at short distances and these types of investments would be the only one
possible for, for example, Gotland, with the shortest average transport distance. By combining the
results, investments can also be ruled out, for example, an investment that needs distances longer then
90 km can almost be ruled out for all counties since the longest average transport distance is 100 km.
This creates an investment window where it is possible to see where and if an investment would be
profitable for a certain county and transport distance.

As discussed earlier, some results that are economically unprofitable from a company perspective
will still be profitable results from a societal perspective because of the improved environmental effects
and the decrease in external cost the fuel reduction will lead to. The value of environmental parameters
is far beyond comparing them with only company level economical results and they cannot be seen
in the presented financial calculations. The timber fleet today, as presented, is already influenced by
early adopters who take responsibility for a green fleet which can be seen by the majority of Euro
VI-engines, far greater than the share of Euro VI-engines in the complete heavy truck fleet, which
was only 27% (in relation to 45% for timber trucks in this study) [26]. The decreased external cost
and positive impacts of the environment from the unprofitable economic results and investments will
be of more importance for the progressive fleet and the environmental results will overshadow the
unprofitable economic results. But, as presented, aerodynamic investments can also lead to decreased
transport cost, meaning that the carriers will both make a profitable economic investment but also a
profitable environmental investment.

Both on a company and a societal level, a sustainability assessment can be valid. While economic
sustainability is important for the road carriers, they can also benefit from standing out as environmentally
prominent [14,16]. In addition, by reducing the cost from lower fuel consumption, the economic
sustainability for the companies will improve and therefore also the sustainability for the employees and
drivers. By also taking in consideration that the installments can’t be too heavy and can’t be manually
mounted every time leading to increased changeover time, which the results presented show, the work
situation for the drivers will be less demanding and more sustainable. It is equally important to reflect on
how the aerodynamic installments will affect the sustainable living of employees and companies, and not
just the environment per se.

This article has shown that it is possible through reconfiguration and aerodynamic improvements
to reduce the fuel consumption of timber trucks and make the fleet greener through technology.
Fuel consumption can be reduced to such a level that is will be profitable for the road carriers to go
through with the investments. It is possible to make aerodynamic kits within the parameters tested in
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this study, and as the mapping shows, it is also possible to find areas and transports in the countries
which have the characteristics that are needed for a particular investment to reach profitability.

The author would like to stress that the same method can be used for larger data sets for even
bigger vehicle fleets. The method of generating large data sets for vehicle fleets can be used for all
kinds of operations.

5. Conclusions

This paper set out to investigate the opportunities when implementing aerodynamic equipment
with timber trucks in Sweden.

The analysis has demonstrated a range of opportunities. In many cases there are possibilities to
both lower the fuel consumption and reach reduced operating transport costs. The transport distances
today are also of such a distance that are required for the improvements to be economically beneficial.
In all, these examples show viable options for making timber truck operations more sustainable.

The analysis also revealed a range of challenges, mainly associated with the road carrier. The risk
of the investment in aerodynamic equipment is an important barrier. However, this barrier can
be lowered by the sharing of risks among the many actors involved in the operations, but also by
prolonging the contract periods between the timber road carriers and their customers.

This study adds to prior research, as it takes a holistic perspective on the trade-offs between
environmental and financial aspects regarding reconfiguration of trucks. While environmentally
related benefits like reduced fuel consumption reduce the environmental impact and potentially lower
the climate effects, reconfiguration also supports the business of road carriers. Where lower fuel
consumption saves costs, it simultaneously also adds to strengthening the environmental profiles of
the companies, thus securing long term profitability. Together with this, the studied reconfigurations
also demonstrate the potential of improving the working conditions for the truck drivers in the short
term, as well as in the longer time perspective.

The calculations made with TransAm provide a set of variables to consider in any road carrier’s
business model in general, and in particular when environmental investments are considered.
We believe that a similar investment calculation would be a viable way to improve long-term decision
making among road carriers. For instance, similar calculations would be made based on long-term
effects of investments in eco-driving by both educational efforts and a sustainable follow-up system [27].

With respect to the research design, in this study we were able to base our calculations on the
total population of timber trucks in Sweden. That implies that the results reflect not a representation
but the full population for the investigation. We believe that similar analyses can be performed on
other types of vehicles as well. However, timber trucks are dedicated vehicles, whereas other types
of trucks can serve multiple purposes and carry the combination of many different types of goods.
Hence, a similar approach to a wider range of vehicles proposes many new challenges for analysis.

Timber trucks are very common in Sweden, where the forest industry is a major industry.
Therefore, the results of this research, even those of incremental magnitude, have a considerable
impact on the overall fuel consumption and related greenhouse gas emissions. Comparable countries,
with the forest industry as a major industry, are, for example, Finland and Canada. It would be
interesting to expand this research and to compare the different timber truck fleets’ performance and
potential in different countries.

This paper focuses on technology measures and their consequences in terms of sustainability.
Other avenues for future research includes, in general, to take a look into logistics and transport
planning and its consequences. In the case of timber trucks, their alternative use is very restricted,
so the opportunities to identify complementary cargo for the empty running is limited. Nevertheless,
the results from this study applied to general trucks, and in combination with an analysis of logistics
opportunities and consequences, would be a viable way to combine technology with logistics for
greening freight transport.
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Managerial implications from this research relate mainly to the road carriers with timber trucks,
where the results offer advice for implementation of aerodynamic equipment and the financial
consequences thereof. Some advice to the customers of the road carriers would be to offer contracts of
longer time frames as this would lower the barriers for investments, which in turn would benefit both
the road carriers and their customers, financially and environmentally, in the longer time perspective.

In terms of policy implications, this research demonstrates the potential effects of investments
in aerodynamic equipment on timber trucks. Any policy measures that would ease the burden of an
investment in such equipment would increase the speed of making timber trucks more sustainable.

One exciting implication of the present study is that if the timber truck manufacturer(s) would
take these aerodynamic re-designs into account already when designing the next generation vehicles,
the fuel reduction (and hence CO2 reduction) presented here would be essentially free of charge. Thus,
a comprehensive combined understanding of the vehicle fleet, operating conditions, technological
possibilities and financial barriers will lead the way to greener transport.
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