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This article presents the vehicle selection problem in the vehicle fleet of a retail and service company. In

practical solutions, fleet managers focus on minimizing TCO (total cost of ownership) while ignoring the impact
of the fleet on the environment. Therefore, a literature review of current solutions in fleet selection and their
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determinants is presented. Considering the latest trends and regulations, an optimization model for vehicle
selection was developed, considering the issues of emissions and external costs. The developed model was
implemented in a simulation environment, and a sensitivity analysis of the solutions obtained was carried out.
The research made it possible to indicate the impact of the pollutant emission factor on the fleet structure.
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1. Introduction

Car fleet management is a set of processes to ensure
mobility within a given enterprise. They include planning
and organizing the transport of people and materials, opti-
mizing the use of rolling stock, managing safety, and ensur-
ing economic efficiency as part of the total cost of vehicle
ownership (TCO) [4, 24, 29].

The selection of vehicles for the fleet is an essential as-
pect of the enterprise functioning, especially for those with
high mobility needs and, thus, a large fleet in terms of
quantity. Fleet managers in this aspect are mainly guided by
TCO, including the costs of financing vehicles, materials,
fuel, service, and insurance. Other factors influencing the
choice of the vehicle include engine capacity, body style,
and equipment. Practical experience shows that environ-
mental impact and safety issues are marginalized or ignored
during vehicle selection. These aspects are taken into ac-
count only through the economic calculation related to
vehicle equipment and fuel consumption [2, 8, 23].

Due to the great emphasis on sustainable transport sys-
tems development, which is often overlooked in the actual
decisions of fleet managers, this article examines the impact
of the selection of vehicles for the fleet in terms of emis-
sions of pollutants (exhaust gases) into the environment.
This is an important issue due to the share of fleet vehicles
in the total number of vehicles on the road (in Poland 74%
are fleet vehicles [27]. Thus, even a slight unit reduction in
the negative impact of the fleet functioning on a national
scale will bring significant benefits. In addition, this aspect
is important due to the impact on the indirect participants of
transport processes, their health, and life comfort. It is also
significant from the point of view of the company's image,
which is increasingly influenced by care for the environ-
ment.

Therefore, the purpose of this article is to conduct re-
search showing the impact of the selection of the vehicle
fleet according to the main criterion, which is the TCO on
pollutant emissions, as well as a comparison of this ap-
proach with the approach that takes into account the exter-
nal costs of exhaust emissions. The article in the following
parts has been organized as follows: section 2 is a literature

review of vehicle fleet management in terms of TCO and
pollutant emissions, section 3 is a description of the re-
search method used in this article, section 4 is a mathemati-
cal formalization of the fleet selection problem, and a simu-
lation model, section 5 is a calculation example. The article
ends with section 6, i.e., conclusions from the conducted
considerations and directions for further work.

2. Literature review

The research undertaken in this article focuses on the
area of environmentally friendly transport solutions. The
background for the work is research in the aspect of criteria
for the selection of vehicles for the fleet, TCO, pollutant
emissions, and vehicle fleet management.

Undoubtedly, costs play a vital role in the transport sys-
tem functioning [11, 13]. The most popular metric is the
Total Cost of Ownership [3, 18]. The research conducted in
[18] indicates the dominant character of this indicator. They
also show that the issues of ecology in terms of exhaust
emissions are often overlooked, and the use of alternative
fuels is analyzed mainly in terms of TCO. In Polish condi-
tions, based on surveys conducted with fleet managers,
a fleet manager who plans to replace the fleet is guided by
costs in the first place [3]. In the first place is the monthly
cost of the vehicle. A very common approach to cost analy-
sis is to consider only the amount of the rental installment
or the cost of leasing or purchasing the vehicle. Thanks to
the TCO analysis, and as it results from the research carried
out in [3], it is essential in the process of comparing the
total costs of different vehicles to take into account operat-
ing costs, and mainly fuel. Safety issues are marginalized,
and only 10% of fleet managers set the selection criterion
focusing on ensuring safety. Only 2% of fleet managers pay
attention to ecological issues. TCO is the primary criterion
for selecting vehicles to carry out tasks, fleet operational
management, and rolling stock renewal planning. Paper
[14] presents studies in which TCO is an indicator that
allows the selection of vehicles in a short-term rental — in a
car rental company. The considerations were mainly based
on economic aspects. The TCO criterion also allows fleet
managers to consciously plan fleet replacement (FRP —
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fleet replacement problem). This aspect was considered in
the work [17], where, considering the preferences of fleet
users, guidelines for selecting specific vehicles were pro-
posed. The selection of vehicles based on TCO but consid-
ering the vehicle loss ratio and its impact on costs was con-
sidered in [23]. Another approach to selecting vehicles for
the fleet is a detailed analysis of the operational characteris-
tics of the vehicles. Such an approach was presented in [10].

Regarding heavy goods vehicles, the authors of the re-
port [7] considered the total cost of ownership. They per-
formed a spatial and temporal analysis of different vehicles
for six powertrain technologies, including diesel, hybrid
electric, plug-in hybrid electric, compressed natural gas,
battery, and electric fuel cell. More and more often, in
terms of TCO, a comparison of the use of vehicles with
different drive technologies is considered. As the authors of
the paper [24] indicate, eLCV vehicles (electric light com-
mercial vehicles), even though they have a higher TCO/km
than conventional vehicles, are a significant competition to
conventional vehicles, taking into account financial and
regulatory incentives and the possibility of charging them at
the company base. The authors [29] analyzed the use of
eLCV from the economic and environmental point of view.
The research presented included an analysis of trends in the
EU and the impact of vehicle electrification on CO, emis-
sions reduction, showing that it is possible to reduce emis-
sions by 30% by 2030 with LCV. They also addressed the
issue of total cost of ownership (TCO) compared to conven-
tional vehicles. A similar case was discussed in works [2, 4,
25]. From the point of view of environmental impact, inter-
esting studies are presented in article [8], discussing the
issue of noise emission from eLCV.

The works presented above consider the aspect of using
environmentally friendly vehicles. However, their selection
is mainly based on assessing TCO or CO, emissions. More
detailed studies on exhaust emissions are not directly relat-
ed to the selection of vehicles for the tasks in the company's
fleet. These studies include analyzes of exhaust gas emis-
sions in transport systems on a macro scale, e.g., in works
[5, 12, 22].

An important basis for these studies are the pollution
emission models. In this respect, measurements are carried
out in real conditions to determine the actual level of ex-
haust gas emissions depending on various road conditions
and traffic areas [1, 20]. However, these studies are expen-
sive, and a detailed analysis of a wide range of vehicles,
various drives, and environmental conditions would be
ineffective in decision-making models and practical use by
fleet managers. Hence, it is possible to use predictive mod-
els for pollutant emissions based on averaged indicators.
Detailed characteristics and possibilities of their use are
presented in a review article [15].

A rather difficult issue is assessing the impact and the
possibility of using zero-emission vehicles. Such research
regarding selecting zero-emission vehicles to carry out
tasks was presented in works [9, 21].

Many factors, as well as an extensive structure of pro-
cesses within the vehicle fleet management framework,
require appropriate methods and tools. For this purpose,
optimization and simulation tools are used to support deci-

sion-making processes. They are based on mathematical
models of the task assignment problem in terms of single
and multi-criteria, as well as algorithms that allow to de-
termine solutions. The work [6] presents the integration of
forecasting, simulation, and optimization techniques in the
performance and revenue management system in a short-
term rental company — Europcar. Such approaches, often
called hybrid ones, allow to consider the problem of fleet
selection in a multi-faceted and comprehensive way and to
study the impact of the fleet structure on its effectiveness.
Similar works considering the hybrid approach in the appli-
cation of decision support in fleet management were pre-
sented for example in [19, 30].

Summing up the literature analysis, it should be stated
that in both scientific and industry publications, the prob-
lem of selecting vehicles, considering alternative technolo-
gies that reduce pollutant emissions is increasingly dis-
cussed. In these studies, however, the main emphasis is
placed on economic efficiency or possibly CO, emissions.
Therefore, this article proposes a method that assesses the
impact of the selected fleet structure and the driver to carry
out tasks on exhaust emissions in terms of other harmful
substances.

3. Research methodology

This article’s research subject is the problem of vehicle
fleet selection regarding the harmful substances emission.
The works will be carried out according to the diagram
presented in Fig. 1. It should be emphasized that the re-
search is of an iterative nature, i.e., in the course of the
work, both the mathematical model and its implementation
were modified to represent the real problem best. The re-
sults presented in the article are the result of numerous
calculations and synthetically present a solution to the prob-
lem of fleet selection, taking into account the issue of harm-
ful substance emissions.

Definition of the Mathematica Model
purpose and I model of a implementation in
assumptions fleet selection Flexsim software

1
A 4

Stage 1
Research

preparation

Solutions determination nsing
OptQuest in the Flexsim environment

4

Analysis of solutions and assessment of
pollutant emissions based on the
COPERT model

Stage 2.
Calculation
experiments

Stage 3
Sensivity
analysis

Fig. 1. Methodology of the research on the impact of the vehicle fleet

selection on pollutant emissions

a

Stage 1. Research preparation. This stage consists of
three elements. The first element is to define the research’s
purpose and make assumptions for the calculations. Anoth-
er element is the development of a mathematical model
containing the characteristics of the input data, decision
variables, constraints imposed on the solution, and the crite-
rion function. The last element is the implementation of the
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developed mathematical model in the Flexsim environment
and the mapping of the process of carrying out tasks by the
vehicle fleet. These elements in the application for the fleet
selection problem are presented in Chapter 4.

Stage 2. Computational experiments. At this stage, based
on the developed model, its implementation, and adopted
assumptions, solutions to the fleet selection problem are
determined, i.e., the values of decision variables that meet the
task constraints are defined. This is achieved using the
OptQuest module in the Flexsim environment. Searching the
solution space in the OptQuest module is achieved using
a metaheuristic algorithm. Thus, a set of solutions is returned.
Computational experiments were carried out considering
single and multi-criteria optimization. The results of the
calculations are presented in Chapter 5.2.

Step 3. Sensitivity analysis. The last stage of the re-
search is the analysis of the sensitivity of the solutions to
changes in the input data, as well as the assessment of the
emission of harmful substances. The input data and vehicle
traffic conditions, including the average speed and average
distance, as well as the number of serviced areas, were
changed for the best solutions identified during optimiza-
tion. Additional assessment indicators were determined in
the field of ownership costs and exhaust gas emissions
using the COPERT model [16]. The analysis of solutions is
presented in Chapter 5.3.

4. Mathematical and simulation model

4.1. Assumptions
As already indicated, vehicle fleet management is

a complicated decision-making process. At the same time,

it is possible to use mathematical and simulation modeling

tools to map existing problems and support managers in

making decisions. The aim is to conduct research showing

the impact of the selection of the vehicle fleet according to

the main criterion, which is the TCO, on pollutant emis-

sions, as well as comparing this approach with the approach

that considers the external costs of exhaust emissions. For

research, the following assumptions were made:

— the mathematical model of fleet management is devel-
oped using the set theory

— the simulation model is developed in the Flexsim envi-
ronment

— the mapped decision problem concerns a commercial
enterprise and is built for the needs of managing a fleet
of passenger vehicles in terms of the selection of re-
sources for the implementation of the tasks

— the solution of the formulated task includes the determi-
nation of decision variables for the interpretation of the
vehicle number and the driver number assigned to the
service of a given area

— the analysis period is the number of days in which the
solution to the fleet selection problem is considered

— the analysis period should correspond to the time hori-
zon of vehicle financing or depreciation

— the selection of the driver-vehicle set for serving the
area does not change during the analysis period, and this
is based on the assumption that the vehicle is regarded
as an individual working tool and an additional benefit
for the employee

— the number of services in the area is the expected value
of the sum of random variables defining the occurrence
of the service. The occurrence of service, and the inten-
sity, is described by a certain probability distribution

— the distance during the service of a given area is also
a random variable, and its value is described by a cer-
tain probability distribution

— the vehicle fleet may be heterogeneous in terms of
make, model, or vehicle characteristics

— the model includes driver training in the field of eco-
driving

— own financing of the vehicle was adopted

— the optimization criteria were the average income from
completed tasks and external costs resulting from CO,
emissions per task

— only exhaust emissions resulting from vehicle use are
considered in the model. Other emissions are omitted. In
addition, noise emissions or, for example, particulate
matter from the braking system are not taken into ac-
count

— solving the optimization task in terms of various criteria
results in a set of solutions subject to further analysis,
including the use of emission factors from the COPERT
model.

The developed model considers the randomness of two
model parameters, i.e., the occurrence of service and the
distance covered during its implementation. This approach
is aimed at mapping the variability in the tasks performed
and the different characteristics of service areas. For exam-
ple, in urban areas, there may be a lot of tasks, and the
distance covered during their implementation may be small.

4.2. Mathematical formulation of the vehicle fleet

selection problem in terms of pollutant emissions

The developed model considers elements such as driv-
ers, vehicles, service areas, and their characteristics. In
addition, it was necessary to define decision variables,
criterion functions, and constraints to formulate optimiza-
tion tasks. This is presented in the next part of the article.
For the formalization of the model, a time horizon (analysis
period) was adopted, defined as a set T which elements are
the numbers of individual days T = {t: t=1,2,...,T} where
value T depends on the length of the analysis period, e.g.,
for a period of one year, it will be 365. The set of vehicles
in the model was formulated as NV = {nv: nv =
1,2,...,NV}, a set of drivers as ND = {nd: nd = 1,2,...,ND}
and a set of service areas NA = {na: na = 1,2,...,NA}. The
elements of the above sets have the interpretation of the
numbers of vehicles, drivers, and service areas, respective-
ly, and take values from the set of natural numbers. The
decision variables in the vehicle fleet selection problem
have binary values: y1(nv,na) and have the interpretation of
the vehicle assignment to the service area and interpretation
of the driver assignment to the service area. Decision varia-
bles have value 1 when the vehicle nv and driver nd are
assigned to service area na. Two criteria functions were
formulated. Function F1 (equation 1) has an interpretation
of the company's income from the tasks performed. Func-
tion F2 (equation 2) has an interpretation of CO, emission
as a result of the tasks implementation.
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Z [INC(na) — CC(na) — CE(na) — CD(na)]

F1 = 22N - max (1)
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2| |
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’ naENAl | ;!'H;D [yczizr(lrédr)la)]
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F2 = - min (2)

Z s(na, t)
naeNA teT

Vna eNA INC(na) = zp(na) Z s(na, t) 3

teT

yl(nv,na)-T-

(cp(nv) + ci(nv)) )
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nveNV

y1(nv,na) -
[ Z[s(na, t) - dist(na, t)] -
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VnaeNA CE(na) =
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1
cr(nv) + \ ! 5)
|
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vnaeNA CD(na) = ;D[ T - cd(nd) + cs(nd)] ©

Vna eNA Z yl(nv,na) =1
ndeND (7)
A Z y2(nd,na) =1
ndeND

The F1 function is determined on the basis of the differ-
ence in the company's income INC(na) — equation 3, fixed
costs of vehicles CC(na) — equation 4, running costs CE(na)
— equation 5, as well as the driver costs CD(na) — equation
6. Company income INC(na) is the product of the average
income from a single service in the area — zp(na) and the
number of services in the area s(na,t). Value s(nat) = 1
means service of area na in moment t, 0 when there is no
such a service. Area service in moment t is performed with
the probability described by the selected distribution. Vehi-
cle fixed costs CC(na) results from the involvement of
vehicle nv, analysis period T and unit costs of vehicle de-
preciation cp(nv) and the insurance costs ci(nv). Vehicle
running costs CE(na) depends on the total travel distance of
a vehicle nv, which results from the number of services
s(na,t) and a distance dist(na,t) in a given area. Distance
covered during the service in an area na in moment t is
a random variable described by a certain probability distri-
bution. These costs are the product of the distance and the
service costs per unit of distance — cr(nv), as well as the
unit costs of fuel cf(nv) and the amount of fuel consumed
per unit of distance fu(nv). Fuel consumption can be re-

duced with driver training dr(nd). The correction factor
dr(nd) may have values of less than 1 when the driver ap-
plies eco-driving principles. Still, it may also be greater
than 1 when the driver incorrectly uses the vehicle. The last
component of function F1 is the driver cost CD(na), which
consists of the product of the length of the analysis period
and the unit cost of employing the driver cd(nd), as well as
the training costs cs(nd). The F2 criterion function has an
interpretation of the CO, emission costs and thus is calcu-
lated based on the total distance and fuel consumption as
well as the unit ECO,(nv) emission and the external cost of
the unit CO, emission. In the defined problem, there is one
constraint described by the formula (7) and has the interpre-
tation of assigning exactly one vehicle and exactly one
driver to service a given area.

4.3. Simulation model in the Flexsim environment

The next step was to implement the developed model in
the Flexsim environment. This environment was chosen
because of its high functionality and the ability to use the
simulation-optimization approach to conduct research. It is
possible to map the structure of the transport system of
a given company using the basic elements of the mass ser-
vice theory in the simulation model. Thus, it is possible to
study the impact of various assumptions and changes in
given assumptions on the obtained results. To map the
transport system, the following were used:

the source, responsible for generating tasks in the area

with the intensity determined by the selected probability

distribution

— the processor corresponding to the process of servicing
the area by a given set (driver—vehicle) and counting the
distance traveled

— the queue corresponding to the counter of completed
tasks and the collection of results against specific opti-
mization criteria, as well as other evaluation indicators

— the source-queue system, responsible for counting the
analysis time and returning the results of the criterion
function.

A diagram for two areas is shown in Fig. 2. To test more
service areas, it is necessary to duplicate such a system. To
solve the problem of fleet selection, the built-in OptQuest
module was used, which is parameterized in accordance
with the developed mathematical model and the adopted
assumptions.

q}m p2

.__,_g;
=]
=

‘NA1 ﬂ NA2

|

|

™ aa
Task_NA1 Task_NAZ
calc m

Fig. 2. A block of simulation elements representing the implementation of
tasks in the company's transport system
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5. Calculation example

5.1. Input data
The calculation example was prepared for a certain

fragment of a real transport system of a trading company.

The following input assumptions were adopted for the

analyses:

— the research was performed on a representative part of
the company's fleet to present a method to select re-
sources for tasks

— analysis period T = 1095 days

— number of service areas NA =5

— number of vehicles NV =5

— number of drivers NA =5

— the cost of CO, emissions was estimated based on re-
search [6], and as a result, it was adopted as CCO, =
EUR 0.33/kg

— intensity and distance were described by the Poisson
distribution (X~Poiss(1)) and the values As(na,t) for the
call intensity and Adist(na,t) for the distance were
adopted, respectively, when s(na,t) = 1

— the OptQuest module using metaheuristic methods was
used, and the number of iterations of the algorithm was
250 for each scenario.

The data characterizing the vehicles comes from analyz-
ing car dealers’ market offers and ADAC reports. The fuel
consumption data came from vehicle manufacturers but was
further verified against actual fuel consumption based on the
company's operating history. The cars were selected from the
segment of popular C-class cars (compact, middle class —
lower). Due to the nature of the research, the brand and mod-

Table 2. Drivers characteristics

Drivers (nd)

data unit nd=1 nd=2 nd=3 nd=4
cd(nd) EUR/day 55 37 55 37
cs(nd) EUR 0 0 250 250
dr(nd) - 1 1.4 0.75 1.05

The areas have the characteristics of mixed areas (urban
and rural routes) with different intensities, distances, and
revenues. Data for areas are presented in Table 3.

Table 3. Service areas characteristics

Service area (na)

data unit na=1 na=2 na=3 na=4 na=5
cp(na) EUR/task 150 200 250 300 350
As(na,t) — (days) 1.2 1.2 15 2 25
Adist(na,t) | — (km) 60 100 100 120 150

5.2. Experiment results
As a result of the calculations carried out using the ex-
perimenter module (OptQuest) in the Flexsim environment,
solutions to the problem of selecting vehicles and drivers
for tasks in service areas were determined. The obtained
solutions are presented in Table 4 according to:
— Single-criteria optimization with respect to F1 (3 best
solutions S1.1, S1.2, S1.3) — Fig. 3
— Single-criteria optimization with respect to F2 (3 best
solutions S2.1, S2.2, S2.3) — Fig. 4
— Multi-criteria optimization (3 solutions selected from
the Pareto front S3.1, S3.2, S3.3) — Fig. 5.

Table 4. Summary of solutions to the problem of selecting vehicles and
drivers (decision variables and values of the criterion function)

. . . ScenariolD S1.1 | S1.2 | S1.3 | S2.1 | S2.2 | S2.3| S3.1 | S3.2 | S3.3
el were considered irrelevant. The lease period was assumed — - - — =T - -
to be 5 years, and the monthly instalment was converted to 1 528 T T 2 T2 14T a3 4 a4
day. Data for vehicles are presented in Table 1. Characteriz- yi@2) 1 1 T [ 5[5 [5]s 1| 1
ing the vehicles descriptively, it should be noted that the y2(2) 4 (4 | 2 (411 14141114

. : ; : : ; yi(3) T |1 | 155 |55 [ 5 |1
vehicle nv = 1 is a diesel vehicle with the Euro 5 combustion v2(3) T T 4 T 2 2 2 3 21 212
standard, characterized by low financing costs, but high yi(4) 1 1 1 [ 5]5 [5]5 5 5
service costs (due to age), it is the current vehicle used in the y2(4) 4 1 4 [ 4 414 1351412 |4

. . . . . y1(5) 1 1 1 5 5 5 4 1 1
enterprise. Other vehicles are new vehicles. Vehicle nv =2 is v2(5) 7 7 7 T2 3 12 2 7 7
a spark-ignition vehicle with Euro 6 combustion standard, nv FL (EUR/task) | 161.6 | 161.4 | 161.3 [111.9]111.6[111.1] 125.6 | 137.8 | 144.4
= 3 is a compression-ignition vehicle with Euro 6 combus- FZ[%/E%S'O 47 | 49 | 50 | 00 |00 00| 16 | 27 | 31
tion standard, nv = 4 is a gasoline-free hybrid vehicle with
Euro 6 cgmbustiqn standard_, nv =5 is an electric veh_icle. Objective F1 Results (Run 1)
4 categories of drivers were identified, where nd = 1 drivers B fesbletrsion e Sestteon
are characterized by average driving experience and a neutral N . |
impact on fuel consumption, nd = 2 drivers are less experi- ® @oe ié “; o (‘j
enced drivers with a lower unit bone but higher fuel con- ” @ @ o % %05
sumption, nd = 3 drivers are medium experienced drivers b Py 3 © & ® e® o
with eco-driving training, drivers nd = 4 are drivers with little oGy e ® °Q .,
. _ o L. 110 & O(Q ® e ® ® o )
experience, but with eco-driving training. The cost of the t‘ ® o g _ o
training is around EUR 250. Fuel savings are set at 25% from £ ®e ° o &, o o '0? °e®%
baseline. Data for drivers is presented in Table 2. . % e o2° . '3 *® oo o
° w g ° ®
° ©
120 o0 oo [ ]
Table 1. Vehicles characteristics @ ® e ‘. o :: o 9,
Vehicles (nv) o ¢ ¢ "0.0. L .'.
nv unit nv=1 |[nv=2]| nv=3 | nv=4 |nv=5 s °® [ oo °
cp(nv) | EUR/day 6.7 126 | 140 145 | 30.1 . -
ci(nv) EUR/ay | 0.201 | 0.380 | 0420 | 0.440 | 0.903 Y ®
cr(nv) EUR/km 0.078 | 0.020 | 0.28 017 [ 011 L.
cf(nv) EUR/I 108 | 123 | 108 123 [ 044 : : T : g
fu(nv) I/km 0.048 | 0.060 | 0.045 | 0.047 | 0.155
ECO,(nv) | g/l 2.68 2.35 2.68 235 0 Fig. 3. The space of solutions with respect to the function F1
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Objective F2 Results (Run 1)

@ Feasible Iteration ¥t Best Iteration

Ob jective 2
®

Iteration

Fig. 4. The space of solutions with respect to the function F2

The graph in Fig. 3 shows the solution space of the for-
mulated decision problem against the F1 criterion. The Y
axis is the value of the criterion in EUR/task, while the X
axis is the number of iterations of the algorithm. The best
solutions are marked in yellow (maximized criterion), and
the best solution is marked with an asterisk. Similarly, the
space for the F2 function is shown in Fig. 4. In this case,
however, the best solutions are marked in black (minimized
criterion). On the other hand, Fig. 5 shows the solution
space in multi-criteria optimization. The Y-axis shows the
F2 (minimized) criterion, and the X-axis shows the F1
(maximized) criterion. Non-dominated solutions, i.e., Pare-
to optimal, are marked with asterisks. The indicated graphs
of the F2 function are in the conversion of 10 %. Analyzing
the results presented, the great diversity of the solution
space and the relationship between the criterion functions
should be pointed out. The increase in corporate income for
the assumptions made is associated with higher external
costs of CO, emissions.

Objective F1F2 Results (Run 1)

[ Feasible Tteration ¥ Best Iteration

. : %OCQ@Q%
%o, ;:D@@& *
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05 ‘ ©
0.0 [+]

100 110 120 120 140 150 180

Fig. 5. Pareto solution in multicriteria optimization

5.3. Sensitivity analysis

For further analysis of the obtained solutions, additional
measures were introduced, i.e., functions F1.1 and F2.1
presenting income and costs in units [EUR/km], and there-
fore it is a modification of formulas (1) and (2):

Z [INC(na) — CC(na) — CE(na) — CD(na)]

F1.1 = naeNA (8)

Z [s(na,t) - dist(na, t)]
naeNA

|'y1(nv, na) -
| [s(na,t) - dist(na, t) -
| fu(nv) -

[ 1]

! m

naeNA [nveNV [ ; [ Z [dr(nd) - y2(nd, Ha)]j” )
: rlljug(lgz(nv)

CCo, -
F2 =

z [s(na,t) - dist(na,t)]
naeNA
Moreover, additional measures were introduced to de-
termine the emission of a given type of harmful substance
expressed in [kg], i.e.:

O—efCO ZZ[ t) - dist(na, t)] 10
= 1000 s(na, t) - dist(na, t) (10)

naeNA teT
No, = SNOx Z Z[ 0 - dist(na, )] (11
* = To00 s(na, t) - dist(na, t) (11)

naeNA teT

efNMVOC
NMVOC = ————. z Z[s(na, t) - dist(na, t)] (12)
1000
naeNA teT

M—emM [s(na,t) - dist(na, t)] 13
= 1500 ZS ZS s(na, t) - dist(na,t)]  (13)

naeNA teT

The values of efCO, efNO,, efNMOVC, efPM were
adopted on the basis of the COPERTV model [16][16] and
are presented in Table 5. Since emissions are related to the
mileage of a vehicle with a specific technology, calcula-
tions were made in accordance with the fuel consumption
over that distance.

For the obtained solutions presented in section 5.2, the
results of additional assessment measures were obtained.
They are presented in Table 6.

Table 5. Specific emissions of harmful substances based on the COPERTV

model
COPERT model emission factors
Harmful substance unit nv=1 | nv=2 [ nv=3 nv=4 nv=>5
efCO (g/km) | 0.62 0.04 | 0.049 | 0.043 0
efNOy (g/km) 0.065 | 0.008 | 0.008 0.001 0
efNMVOC (g/km) 0.061 0.55 0.17 0.013 0
efPM (g/km) 0.0014 | 0.0021 | 0.0015 | 0.000142 0

Table 6. Evaluation of the obtained solutions using additional measures

Scenario | S1.1 | S1.2 | S1.3 [S2.1| S2.2 | S2.3 | S3.1 | S3.2 | S33

Cco 227.82239.58247.83[0.00 | 0.00 | 0.00 | 540 |135.04|149.52

NOy 23.88 | 25.12 | 25.98 [0.00 | 0.00 | 0.00 | 0.13 | 14.16 | 15.68

NMVOC | 22.41 | 23.57 | 24.38 [ 0.00 | 0.00 | 0.00 | 1.63 | 13.29 | 14.71

PM 051 | 054 | 0.56 {0.00| 0.00 | 0.00 | 0.02 | 0.30 | 0.34

F1.1 761 | 759 | 759 |522| 507 | 505 | 591 | 651 | 6.62

F2.1 0.22 | 0.24 | 0.24 [0.00] 0.00 | 0.00 | 0.08 | 0.13 | 0.13
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By adopting the developed criteria, the assumptions
were modified, and the designated solutions for the selec-
tion of vehicles and drivers for the tasks were re-evaluated.
The characteristics of the area where the tasks are carried
out have changed. It was assumed that an urban area would
affect the change in fuel consumption. The adjusted values
are presented in Table 7. It was assumed that hybrid and
electric vehicles in urban areas consume less fuel than out-
side the city, contrary to conventional internal combustion
engines. The results of the assessment for the changed as-
sumptions are presented in Table 8.

Table 7. Change in fuel/energy consumption in the sensitivity analysis of

the solution
Vehicles (nv)
data unit nv=1|nv=2|nv=3|nv=4|nv=>5
fu(nv) | I/km or kWh/km 0.062 | 0.08 | 0.06 | 0.042 | 0.145

To sum up, the considerations carried out should be
pointed out that the best solutions from the company's point
of view are based on the current fleet and a trained driver.
This results from low vehicle financing costs and relatively
low fuel consumption, which compensates for higher ser-
vice costs. Nevertheless, it should also be pointed out that
this is definitely the worst solution in terms of pollutant
emissions. However, by choosing between scenarios S1.1
and S3.3, giving up 12% of income, it is possible to reduce
the external cost of CO, emissions by over 41%. The obvi-
ous result, guided by ecological considerations, are the
S2.1-S2.3 variants, which use electric vehicles, and, thus,
in simple terms, do not emit exhaust gases into the atmos-
phere. However, the cost of financing these vehicles ex-
ceeds, for example, in variant S1.1 several times, and thus
any savings in operating costs cannot compensate for this in
such a period.

Table 8. Results analysis of the sensitivity of the solution to changes in
fuel/energy consumption

Scenario | S1.1 | S1.2 | S1.3 | S2.1 | S2.2 | S23 | S3.1 | S3.2 | S3.3

CO  |294.27[309.46 | 320.11 | 0.00 | 0.00 | 0.00 | 4.83 |174.43[193.13

NOy 30.85 | 32.44 | 33.56 | 0.00 | 0.00 | 0.00 | 0.11 | 18.29 | 20.25

NMVOC | 28.95 | 30.45 | 31.49 | 0.00 | 0.00 | 0.00 | 1.46 | 17.16 | 19.00

PM 0.66 | 0.70 | 0.72 | 0.00 | 0.00 | 0.00 | 0.02 | 0.39 | 0.44

F1 159.90 | 159.68 | 159.49 [112.34(112.10|111.66 |126.22 | 137.09 | 143.42

F2 6.11 | 6.34 | 649 | 0.00 | 0.00 | 0.00 | 1.44 | 3.51 | 4.03

F1.1 753 | 751 | 751 | 525 | 510 [ 508 | 594 | 6.48 | 6.58

F2.1 0.29 | 031 | 0.31 | 0.00 | 0.00 | 0.00 | 0.07 | 0.17 | 0.17

Performing a sensitivity analysis highlights the differ-
ences in pollutant emissions. Undoubtedly, older vehicles
generate more pollution and, therefore, even higher external
costs. Changing the traffic area, and thus fuel or energy
consumption, reduced the cost differences between the
variants in favor of new vehicles and electric vehicles.
Nevertheless, in the adopted analysis period, this impact is
too small to be decisive for changing the approach and
selecting other vehicles for the fleet. For conventional vehi-
cles, revenue has declined in urban areas; income increases
slightly with electric and hybrid vehicles. However, this
indicates a certain regularity that the characteristics of the
area of operation of the vehicle-driver combination play an
important role in the selection of means of transportation.
In urban areas, hybrid vehicles perform best, followed by

electric vehicles, while combustion vehicles perform best in
rural areas. However, from a purely economic calculus
point of view, internal combustion vehicles dominate re-
gardless of the work area. It should be noted that in most
variants, the drivers were inexperienced but trained in the
principles of eco-driving employees. Lower employment
costs outweigh training costs.

Conclusions

The purpose of this article was to conduct research
showing the impact of the selection of the car fleet accord-
ing to the main criterion, which is the TCO for pollutant
emissions, as well as a comparison of this approach with
the approach that considers the external costs of exhaust
emissions. The article proposes a research method based on
the developed mathematical model and the use of the
Flexsim environment with the OptQuest optimization mod-
ule. The method was used to conduct experiments on
a fragment of the transport system of a selected company. It
should be pointed out that the proposed method is easy and
quick to apply and can be used by fleet managers in prac-
tice. It takes into account the marginalized problem of pol-
lutant emissions in their daily work.

The computational experiments were performed on
a small computational example. It should be noted that for
a larger scale and more diverse fleet, as well as the tasks
carried out, the pollutant emissions will be much higher.
Thus, the ecological criterion should be an important indi-
cator in the selection of vehicles. In addition, based on the
obtained results, certain regularities are visible, which at the
same time are barriers to the development of a sustainable
transport system and the increase in the share of environ-
mentally friendly vehicles (EFV). They mainly concern the
costs of financing such vehicles in the enterprise. Lower
fuel consumption or lower service costs cannot compensate
for the vehicle’s high price. Thus, in Polish conditions,
where the approach to minimizing costs and maximizing
profits dominates, the possible choice of EFV vehicles will
be dictated by other criteria, such as image benefits. This is
also influenced by the country's transport policy. The intro-
duction of additional tax reliefs, preferences for users of
such vehicles, or higher subsidies for their purchase could
increase the popularity of such vehicles.

The directions for further research can also be indicated
based on the sensitivity analysis results. It should be noted
that the COPERT (Tier 2) methodology adopted considers
constant emission values for different motor vehicle tech-
nologies. Therefore, to indicate the impact of changing the
characteristics of the service areas, this was related to fuel
consumption. However, to more accurately predict the
impact of changing the area, it would be necessary to use
a detailed COPERT methodology (Tier 3), taking into ac-
count the type of traffic area and HOT and COLD emis-
sions. More detailed studies, however, require precise data
on the speed profile or atmospheric conditions. Therefore,
this is the direction of research that could indicate to what
extent the advantage of EFV vehicles in terms of emissions
is greater than vehicles with a conventional drive, depend-
ing on the area. Another area for further research is the
introduction of a limitation in the model regarding the max-
imum costs or limiting the possibility of using vehicles of
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a given type. This would better represent the actual decision
problem. Additional modifications should also consider
many more factors influencing the income effect. It should
be pointed out here, for example, the possibility of charging
the vehicle at the base (lower energy costs), possible sur-
charges and discounts, variable operating costs, and finally,
reliability and safety. For example, in the case of inexperi-
enced drivers (with lower employment costs), the risk of an
accident may increase, and thus the possibility of more
damage. As a result, fewer orders will be completed, costs
will increase, and the company's revenues will decrease.
Another modification to be explored in future studies is the
possibility of changing the assignment of a driver to a vehi-
cle within an owned fleet during the analysis period.
Summing up, research in the field of car fleet manage-
ment in terms of pollutant emissions will be continued
because, as indicated based on the literature review and the
author’s experience, this problem is marginalized in practi-
cal applications and, at the same time, is very important

from the point of view of the development of a sustainable
transport system. At the same time, it should be noted that
despite the simplified nature of the decision-making model,
based on the research results, it can be indicated that in the
current conditions, companies will continue to favor cheap-
er vehicles to reduce operating costs and maximize income,
and thus use vehicles that cause more environmental pollu-
tion.
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Nomenclature

CCO, cost of CO, emissions

eLCV electric light commercial vehicles

EFV environmentally friendly vehicles

F1 interpretation of the company's income from the
tasks performed

F2 interpretation of CO, emission

FRP fleet replacement problem
NA  service areas

ND  set of drivers

NV  vehicles in the model

T numbers of individual days
TCO total cost of ownership

Bibliography

[1] Andrych-Zalewska M, Chtopek Z, Merkisz J, Pielecha J.
Analysis of the operation states of internal combustion en-
gine in the Real Driving Emissions test. Archives of
Transport. 2022;61(1):71-88.
https://doi.org/10.5604/01.3001.0015.8162

[2] Arroyo JL, Felipe A, Ortufio MT, Tirado G. Effectiveness of
carbon pricing policies for promoting urban freight electrifi-
cation: analysis of last mile delivery in Madrid. Cent Eur J
Oper Res. 2020;28(4):1417-1440.
https://doi.org/10.1007/s10100-019-00627-y

[3] Carfleet. Keralla Research Institute, commissioned by Care-
fleet S.A. 3Q2021; 2021 (in Polish).
https://carefleet.pl/storage/2021/09/Raport-285-proc.-firm-z-
sektora-MSP-korzysta-z-wynajmu-dlugoterminowego.pdf

[4] Giordano A, Fischbeck P, Matthews HS. Environmental and
economic comparison of diesel and battery electric delivery
vans to inform city logistics fleet replacement strategies.
Transport Res D-TR E. 2018;64:216-229.
https://doi.org/10.1016/j.trd.2017.10.003

[5] Gotebiowski P, Zak J, Jacyna-Gotda 1. Approach to the
proecological distribution of the traffic flow on the transport
network from the point of view of carbon dioxide. Sustaina-
bility. 2020;12(17):6936.
https://doi.org/10.3390/s5u12176936

[6] Guillen J, Ruiz P, Dellepiane U, Maccarrone L, Maccioni R,
Pinzuti A et al. Europcar integrates forecasting, simulation,
and optimization techniques in a capacity and revenue man-
agement system. Informs J App Analytics. 2019;49(1):40-
51. https://doi.org/10.1287/inte.2018.0970

[71 Hunter C, Penev M, Reznicek E, Lustbader J, Birky A,
Zhang C. Spatial and temporal analysis of the total cost of
ownership for Class 8 Tractors and Class 4 Parcel Delivery

Trucks. 2021.08. NREL/TP-5400-71796, 1821615, Mainld:
6232. https://www.osti.gov/servlets/purl/1821615/

[8] Ibarra D, Ramirez-Mendoza R, Lépez E. Noise emission
from alternative fuel vehicles: Study case. Appl Acoust.
2017;118:58-65.
https://doi.org/10.1016/j.apacoust.2016.11.010

[9] lzdebski M, Jacyna M. An efficient hybrid algorithm for

energy expenditure estimation for electric vehicles in urban

service enterprises. Energies. 2021;14(7):2004.
https://doi.org/10.3390/en14072004

Izdebski M, Jacyna-Gotda I, Nivette M, Szczepanski E.

Selection of a fleet of vehicles for tasks based on the statisti-

cal characteristics of their operational parameters. Eksploat

Niezawodn. 2022;24(3):407-418.

https://doi.org/10.17531/ein.2022.3.2

Jachimowski R, Szczepanski E, Ktodawski M, Markowska

K, Dabrowski J. Selection of a container storage strategy at

the rail-road intermodal terminal as a function of minimiza-

tion of the energy expenditure of transshipment devices and

CO, emissions. Rocz Ochr Sr. 2018;20(2):965-988.

Jacyna M, Merkisz J. Proecological approach to modelling

traffic organization in national transport system. Archives of

Transport. 2014;30(2):31-41.

https://doi.org/10.5604/08669546.1146975

Kwasiborska A, Stelmach A. Analysis of airport traffic in

the context of environmental throughput. Transport Prob.

2014;9(1):129-140.

Mazur B, Wasiak M. TCO-Total Cost of Ownership as a

tool supporting the selection of a car fleet for car rental

companies (in Polish). Prace Naukowe PW Transport. 2018;

123:95-109.

[10]

[11]

[12]

[13]

[14]

COMBUSTION ENGINES, 2024;196(1)

87


https://doi.org/10.5604/01.3001.0015.8162
https://doi.org/10.1007/s10100-019-00627-y
https://carefleet.pl/storage/2021/09/Raport-285-proc.-firm-z-sektora-MSP-korzysta-z-wynajmu-dlugoterminowego.pdf
https://carefleet.pl/storage/2021/09/Raport-285-proc.-firm-z-sektora-MSP-korzysta-z-wynajmu-dlugoterminowego.pdf
https://doi.org/10.1016/j.trd.2017.10.003
https://doi.org/10.3390/su12176936
https://doi.org/10.1287/inte.2018.0970
https://www.osti.gov/servlets/purl/1821615/
https://doi.org/10.1016/j.apacoust.2016.11.010
https://doi.org/10.3390/en14072004
https://doi.org/10.17531/ein.2022.3.2
https://doi.org/10.5604/08669546.1146975

Simulation studies of fleet vehicle selection in terms of pollutant emissions

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Prof. Emilian Szczepanski, DSc., DEng. — Faculty of
Transport,
Poland.

e-mail: emilian.szczepanski@pw.edu.pl

Tomasz Rudyk, MSc. — PhD student at the Faculty
of Transport, Warsaw University of Technology,
Poland.

e-mail: tomasz.rudyk@rudykon.pl

Madziel M. Vehicle emission models and traffic simulators:
a review. Energies. 2023;16(9):3941.
https://doi.org/10.3390/en16093941

Ntziachristos L, Samaras Z. Methodology for the calculation
of exhaust emissions — SNAPs 070100-070500. European
Environment Agency; October 2021:147.
https://www.eea.europa.eu/publications/emep-eea-
guidebook-2019/part-b-sectoral-guidance-chapters/1-
energy/1-a-combustion/1-a-3-b-i/at_download/file
Ogonowski K. The comparison of various financial forms of
car fleet replacement. OWPW. Warsaw 2020.

Oliveira LKD, Bertoncini BV, Nascimento CDOL, Rocha
LB, Batista LAMDL, Cellin LV. Factors affecting the
choice of urban freight vehicles: issues related to Brazilian
Companies. Sustainability. 2019;11(24):7010.
https://doi.org/10.3390/su11247010

Pérez J, Maldonado S, Lopez-Ospina H. A fleet manage-
ment model for the Santiago Fire Department. Fire Safety J.
2016;82:1-11. https://doi.org/10.1016/j.firesaf.2016.02.008
Pielecha J, Skobiej K. Evaluation of ecological extremes of
vehicles in road emission tests. Archives of Transport. 2020;
56(4):33-46. https://doi.org/10.5604/01.3001.0014.5516
Pyza D, Golda P, Sendek-Matysiak E. Use of hydrogen in
public transport systems. J Clean Prod. 2022;335:130247.
https://doi.org/10.1016/j.jclepro.2021.130247

Pyza D, Jacyna-Gotda I, Gotda P, Golebiowski P. Alterna-
tive fuels and their impact on reducing pollution of the natu-
ral environment. Rocz Ochr Sr. 2018;20:819-836.

Rudyk T, Szczepanski E, Jacyna M. Safety factor in the
sustainable fleet management model. Archives of Transport.
2019;49(1):103-114.
https://doi.org/10.5604/01.3001.0013.2780

Scorrano M, Danielis R, Giansoldati M. Electric light com-
mercial vehicles for a cleaner urban goods distribution. Are

Warsaw University of Technology,

[25]

they cost competitive? Res Transp Econ. 2021;85:101022.
https://doi.org/10.1016/j.retrec.2020.101022
Sendek-Matysiak E, Pyza D, Losiewicz Z, Lewicki W. Total
cost of ownership of light commercial electrical vehicles in
city logistics. Energies. 2022;15(22):8392.
https://doi.org/10.3390/en15228392

[26] Statistics Poland (GUS). Development of the methodology

[27]

[28]

[29]

[30]

Prof. Roland Jachimowski, DSc., DEng. — Faculty of
Transport,
Poland.

e-mail: roland.jachimowski@pw.edu.pl

and estimation of the external costs of air pollution emitted
from road transport at national level. Szczecin: Statistics Po-
land; 2018;82.
https://stat.gov.pl/download/gfx/portalinformacyjny/en/defa
ultaktual-
nosci/3576/4/1/1/raport_opracowanie_metodyki_i_oszacow
anie_kosztow_zewnetrznych_emisji_zanieczyszczen.pdf
Transport&Enviroment. Boom for registration of luxury cars
in Poland due to a tax system that favors polluting cars (in
Polish). 2022.
https://www.transportenvironment.org/discover/boom-na-
rejestracje-samochodow-luksusowych-w-polsce-przez-
system-podatkowy-ktory-faworyzuje-zanieczyszczajace-
pojazdy/

Trzaskowski D, Wasiak M. ENThe effect of current financ-
ing methods on vehicle replacement policy — a case study (in
Polish). Prace Naukowe PW Transport. 2017;119:477-492.
Tsakalidis A, Krause J, Julea A, Peduzzi E, Pisoni E, Thiel
C. Electric light commercial vehicles: are they the sleeping
giant of electromobility? Transport Res D-TR E. 2020;86:
102421. https://doi.org/10.1016/j.trd.2020.102421
Vuyjanovi¢ D, Momdilovi¢ V, Vasi¢ M. A hybrid multi-
criteria decision making model for the vehicle service center
selection with the aim to increase the vehicle fleet energy ef-
ficiency. Therm Sci. 2018;22(3):1549-1561.
https://doi.org/10.2298/TSCI170530208V

Warsaw University of Technology,

88

COMBUSTION ENGINES, 2024;196(1)


https://doi.org/10.3390/en16093941
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-3-b-i/at_download/file
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-3-b-i/at_download/file
https://www.eea.europa.eu/publications/emep-eea-guidebook-2019/part-b-sectoral-guidance-chapters/1-energy/1-a-combustion/1-a-3-b-i/at_download/file
https://doi.org/10.3390/su11247010
https://doi.org/10.1016/j.firesaf.2016.02.008
https://doi.org/10.5604/01.3001.0014.5516
https://doi.org/10.1016/j.jclepro.2021.130247
https://doi.org/10.5604/01.3001.0013.2780
https://doi.org/10.1016/j.retrec.2020.101022
https://doi.org/10.3390/en15228392
https://stat.gov.pl/download/gfx/portalinformacyjny/en/defaultaktualnosci/3576/4/1/1/raport_opracowanie_metodyki_i_oszacowanie_kosztow_zewnetrznych_emisji_zanieczyszczen.pdf
https://stat.gov.pl/download/gfx/portalinformacyjny/en/defaultaktualnosci/3576/4/1/1/raport_opracowanie_metodyki_i_oszacowanie_kosztow_zewnetrznych_emisji_zanieczyszczen.pdf
https://stat.gov.pl/download/gfx/portalinformacyjny/en/defaultaktualnosci/3576/4/1/1/raport_opracowanie_metodyki_i_oszacowanie_kosztow_zewnetrznych_emisji_zanieczyszczen.pdf
https://stat.gov.pl/download/gfx/portalinformacyjny/en/defaultaktualnosci/3576/4/1/1/raport_opracowanie_metodyki_i_oszacowanie_kosztow_zewnetrznych_emisji_zanieczyszczen.pdf
https://www.transportenvironment.org/discover/boom-na-rejestracje-samochodow-luksusowych-w-polsce-przez-system-podatkowy-ktory-faworyzuje-zanieczyszczajace-pojazdy/
https://www.transportenvironment.org/discover/boom-na-rejestracje-samochodow-luksusowych-w-polsce-przez-system-podatkowy-ktory-faworyzuje-zanieczyszczajace-pojazdy/
https://www.transportenvironment.org/discover/boom-na-rejestracje-samochodow-luksusowych-w-polsce-przez-system-podatkowy-ktory-faworyzuje-zanieczyszczajace-pojazdy/
https://www.transportenvironment.org/discover/boom-na-rejestracje-samochodow-luksusowych-w-polsce-przez-system-podatkowy-ktory-faworyzuje-zanieczyszczajace-pojazdy/
https://doi.org/10.1016/j.trd.2020.102421
https://doi.org/10.2298/TSCI170530208V

