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of the development of sustainable transport systems

The transport system has a direct impact on the economic and socio-economic situation of each country. Planning its development is
an important element of policy. Bearing in mind the importance and complexity of this issue, it should be considered using both quanti-
tative methods and mathematical models, as well as advanced simulation tools for modelling transport. The article presents a proposal
for an approach to simulation tests of the different transport system in the aspect of the emission of harmful exhaust gas compounds from
road transport. The tool for analysing and assessing the functioning of e xisting or designed systems is a model in which the properties of
the real system, which are important from the point of view of the research objective, should be mapped. The Model of Proecological
Transport System (MEST) was presented formally as an ordered four. Also elements of optimization taks shaping of proecological
transport system in form of datas, decision variables, conditions and goal function were presented. An example of tests on simulation

model was shown.
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1. Introduction
The transport system has a direct impact on the econom-

ic and socio-economic situation of each country [1]. Plan-

ning its development is an important element of policy [5].

Bearing in mind the importance and complexity of this

issue, it should be considered using both quantitative me-

thods and mathematical models, as well as advanced simu-
lation tools for modelling transport. In these approaches,
parameterization of models is an important element, which

allows to achieve research goals with enough accuracy [6].
Typically, when analysing the operation of the different

transport system, the transport subsystems of particular
modes of transport are distinguished. Then, the research of
these transport subsystems, the relationships between them,
the impact of the environment on them and their surround-
ings are conducted. Interaction study of transport subsys-
tems is an important element of modelling the transport
system as a whole. These dependencies directly shape the
modal split of transport tasks directed to the transport sys-
tem from the environment [4]. At the same time, changes in
the transport system lead to changes in the communication
behaviour of residents, including changes in the demand for
transport.

Summing up, modelling the development of the differ-
ent transport systems, e.g. national, urban, regional, passen-
gers and others, requires taking into account, among others:
— the needs of buyers of transport services along with

their sensitivity to changes in the transport system,

— the existing and projected technical potential of
transport service providers, including knowledge of re-
strictions on changes,

— the existing and forecasted condition of transport infra-
structure, as well as investment opportunities in this re-
spect,

— current and future solutions in the field of traffic organi-
zation in specific areas, regions,

— transport policy of a given country or region, including
ecological conditions of the development of the
transport system,

— the existing and projected negative impact of transport
on the natural environment and the possibilities of its
reduction.

Both socio-economic development and mutual coopera-
tion of countries implies the development of transport
needs, the implementation of which is carried out by va-
rious branches of transport. The division of transport tasks
between particular branches of transport, especially in the
conditions of a market economy, is primarily determined by
the result of the economic account conducted by transport
users. Until recently, the issues of transport ecology for
many participants of the transport process were not signifi-
cant, although many documents were issued in this area.
Nowadays, the need to limit the negative impact of
transport on the natural environment is a determinant of
economic development.

The article presents a proposal for an approach to simu-
lation tests of the national transport system in the aspect of
the emission of harmful exhaust gas compounds from road
transport.

2. The development of transport and the emission
of harmful exhaust gases
Road transport is considered as the most harmful among
transport branches. In 2016, road transport was responsible
for almost 98% of greenhouse gas emissions emitted by
transport [2, 24].
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Fig. 1. CO, emissions from fossil fuels by sectors in Poland [18]
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The negative impact of transport on the natural envi-
ronment is expressed by [17]:

— greenhouse gas emissions contributing to climate

change,

— local emission of air pollutants negatively affecting
human health and the local natural environment,

— occupying valuable natural areas and cutting their con-
tinuity (fragmentation) with newly built sequences of
technical infrastructure, contributing to the loss of bio-
diversity,

— noise emission threatening human health.

Air pollution emitted by vehicles depends on many fac-
tors. Among them can be distinguished: fuel composition,
type and basic characteristics of vehicles, distribution of
transport infrastructure, speed, places of congestion, etc.
Among the air pollution measures can be distinguished:
emission volume and concentration of individual primary
pollutants (nitrogen oxides (NO,), carbon monoxide (CO),
sulphur dioxide (SO,) and particulates — PM, and PM, s, as
well as dust and soot). These pollutions can have a negative
impact on materials and buildings, agricultural crops and
forests, and can be harmful to human health and life. Figure
2 presents changes in NO,, CO and particulate matter emis-
sions of PM, s from road transport in Poland in recent years.
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Fig. 2. Changes in emissions of NOy, CO and particulate matter PM,s
from road transport in Poland in the years 2004-2016 in relation to the
change in the number of cars and tractors, assuming that the volume of
emissions in 2004 = 100% (Legend: red line — percentage change in the
number of cars and tractors, blue line — percentage change in NOy emis-
sions from road transport, grey line — percentage change in CO emissions
from road transport, navy blue line — percentage change in PM,s emissions
from road transport) [https://www.nik.gov.pl/plik/id,19075,vp,21678.pdf]

The emission of environmentally harmful substances
from motor vehicles results not only from the composition
and properties of fuels [21], as is the case for sulphur com-
pounds, ring hydrocarbons and heavy metals. In addition —
due to the threat of the environment from the effects of
global warming — the carbon dioxide emission, which is the
most important due to the scale of greenhouse gas emis-
sions from the combustion of fuels for internal combustion
engines, is considered. An additional factor related to the
impact of motorization on the environment are dusts con-
sisting of, among others, from particulates (PM14, PM,;) (in
2011, the liner emission in Poland (connected with road
transport) was responsible for 63 percent of PM,, concen-
tration). At the same time, the amount of dust emissions

resulting from fuel combustion in car engines is estimated
at 7%. A dozen of percent are particles from tires and brake
pads. The remaining 80% results from the so-called se-
condary dusting, that is, from induction of dust lying on the
ground in the air by passing cars. Summing up low emis-
sions and cars mutually reinforce the phenomenon of smog.

3. Decision-making problems in shaping
environmentally friendly transport systems

As mentioned before, shaping of the transport system in
Poland results, on the one hand, from the forecasts of transport
needs and the second from adapting the infrastructure and
requirements of law to the standards and requirements of the
European Union. The European Commission pays particular
attention to the need for sustainable development of transport
and environmentally friendly transport. Minimizing the nega-
tive impact of transport on the natural environment, and at the
same time meeting expectations as to transport capacity, seem
to be opposite objectives. It is therefore necessary to look for
a solution that satisfies these positions.

Despite the fact that activities to reduce the negative ef-
fects of transport are constantly being taken, the continuous
increase in the number of carried people and loads causes
the effects of these activities are reduced to a large extent
by the increased transport performance of both freight and
passenger transport.

Summing up the planning of the development of the na-
tional transport system taking into account the aspects of
environmental protection, it is not only related to the opera-
tional objectives of transport policy, but also to environ-
mental issues such as air, soil and water pollution, noise or
vibrations emitted by means of transport [19, 20].

The pollutant emission test is a complex process and re-
quires the use of specialized equipment. There are various
methods of conducting research. The most general classifica-
tion is the division into tests in laboratory conditions and in
real conditions. In the developed simulation model, the re-
sults of research on the emissivity of road transport in real
conditions were taken into account as part of the EMITRAN-
SYS project. These tests identified functional dependencies
of the actual emission of particular harmful exhaust com-
pounds from the parameters of the traffic flow, including
vehicle speeds, as well as the type of transport means (capa-
city/load of the vehicle, Euro class, type of fuel).

The pursuit of a sustainable transport system is based on
its appropriate shaping and organization in a way that al-
lows achieving such a method of meeting the demand for
transport due to the division of resources, for which it will
limit the difficulties in users access to the transport system
while reducing the congestion of the system and its exces-
sive nuisance to the environment . To achieve this goal, IT
tools are used that enable modelling of transport systems
and then running on the obtained experimental models.

Due to the importance of transport infrastructure in
meeting transport needs of passengers and transport of
goods in the model, national and voivodship roads as well
as railway lines and operated inland and aerial routes were
taken into account. Transport networks of individual types
of transport have been imposed on each other and connect-
ed in appropriate nodes, thus enabling the change in modes
of transport to be included in the simulation model [12].
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Due to the adopted detail of the EMITRANSYS simula-
tion model, it was necessary to aggregate stops located in
the area of one transport node. Moreover, in the simulation
model, local communication lines identified as intra-district
were omitted.

4. Decision model for sustainable transport systems

4.1. General assumptions
When analysing or assessing any phenomenon, process

or system, the point of view from which this analysis or

assessment will be carried out should always be specified.

In the case of a sustainable transport system, the assessment

indicator may be, for example, emission levels, external

costs [9], quality of tasks, etc.

Considering the above, the following types among ele-
ments of a sustainable transport system have been distin-
guished:

— transport origin points,

— points of change of road characteristics and change of
the type of transport means together with the accompa-
nying point infrastructure of transport,

— transport destination points,

— transport links between the above-mentioned points
appearing as existing linear transport infrastructure,

— means of transport, including economic parameters and
characteristics of harmful compounds emitted,

— organization and communication networks.

The tool for analysing and assessing the functioning of
existing or designed systems is a model in which the pro-
perties of the real system, which are important from the
point of view of the research objective, should be mapped
[8]. Formally, the Model of Proecological Transport System
(MEST) was recorded as an ordered four in the following
forms [10, 11]:

MEST= <GE, FE, QE, OE> 1)

where: MEST — model of a proecological transport system,
GE - structure of a proecological transport system, FE —
set of characteristics of proecological structure elements of
the transport system, QE — volume of transport tasks, which
MEST should realize, OE — organization.

Due to the dominating share of road and rail transport in
the transport of passengers and goods in Poland, in the
MEST mathematical model only these two branches of
transport were taken into account (there is the possibility of
extending the model with other transport modes) [23]. The
transport network was identified and then analysed analyti-
cally, i.e. elements of point and linear transport and logis-
tics infrastructure.

4.2. Parameters of the model

The MEST model also includes the characteristics of
road infrastructure, means of transport and parameters of
harmful exhaust gas compounds [14]. Elements of the ana-
lysed system were formally recorded. The most important
of the used signs are listed below:

i,1°,1” index of the transport node, 1,1, 1> € WE

st index of the type of transport mean, st € ST
rsp engine type index, rsp € RSP
S exhaust type index, s € S

0 area type index, 0 € O

neu Euro standard index, neu € NEU

% speed index, v e V

k index of transport type (railway, road, air, ...),
keK

p road index in relation of carriage, (a,b) € E,
p € Pab

m index of the transport kind (e.g. passenger),
meM

nr(st) number of euro standard for vehicle type st,

1(i,i) length of (i,i”) transport connection,

x(a,b,m)  demand for transport in relation (a,b) € E of
the m kind of transport,

q(st,m) the average use of the load/capacity of the
vehicle type st of m kind of transport,

d(i,i”) capacity of (i,i’) transport connection,

1(K) economic efficiency of transports made by k
transport subsystem,

u(k) economic efficiency of transport work per-
formed by k transport subsystem,

em(s,st,n  emission of harmful exhaust gas s by type of

eu,rsp,v) vehicle st with engine type rsp comply with
neu emission standard when driving at a speed
V per unit distance,

neu(i,i’)  number of the acceptable euro standard for the
section (i,i’) € LE,

q(rt,k) level of transport carried out by k transport
subsystem rt type of transport,

ES(s,k) total emission of the harmful component of
exhaust gas through k transport subsystem,

L(rt,k) average transport distance under k transport
subsystem for rt type of transport,

KS(k) cost of operation k transport subsystem.

4.3. Boundary conditions and criteria for the assessment
of the solution’s quality
As the basic criteria for the assessment of distribution of
traffic flow on transport network in the area of shaping the
proecological transport system, the economic as well as
ecological and social indicators were taken into account in
the developed model. One of the most important criteria for
assessing the distribution of a traffic flow in the model of
proecological transport system are the emission levels of
individual harmful exhaust gas emissions emitted by
transport means performing transport tasks in a selected
area of the transport network:

Vses VkeK ES(s,k) = )

=3600-10° > > > > xp(p.ab,stners)x
(ab)eE peP™® steST(k) neeNE rseRS

M-em(s,st,ne,rs,i,i’)

(i,i‘)eLE:SteST(i,i‘)ApanF V(I,I')

Next developed criterion for assessing the distribution

of traffic flow on the transport network, which is economi-

cally significant, is the direct transport cost. Taking into

account transport performance as a result of the functioning

of the transport system, the index of economic efficiency of

transport work is determined, while taking into account the

level of transport — the index of economic efficiency of
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transport. Assuming the possibility of decomposing the oper-
ating costs of the transport system to the costs of the passen-
ger transport subsystem and freight transport, the analytical
form of these indicators was recorded in the form of:

> q(rtk)- L(rt,k)

c _ neRT 3

VkeK pk) S0 @)
> q(rtk)

—MeRT 4

VkeK yk) S0 4)

The model includes, among others [13]:

1. constraints on the fulfilment of transport needs,

2. constraints resulting from the specified capacity of con-
nections (sections) of roads,

3. constraints imposed on the traffic flow,

4. constraints on enter the area due to the acceptable Euro
standard,

5. constraints on type of decision variable,

6. constraints on not to exceed the available number of
transport means,

7. constraints on the possibility of moving transport means
of particular types on transport connections,

8. constraints on the possibility of servicing routes with
vehicles meeting specific emission standards,

9. and other constraints.

ol

. Examples of the practical application
of the EMITRANSYS model
In the last part of the article the possibility of using the

EMITRANSYS model for conducting analyses will be

presented. The developed EMITRANSYS simulation mo-

del of the environment-friendly transport system has been
divided into two interdependent models:

1. network model that maps the point and linear infrastruc-
ture of the transport system and describes the availabil-
ity of system users to specific branches and means of
transport. It consists of, among others, with:

— sections of roads, railways, inland roads, air corri-

dors etc.,

— nodes being their destinations, origins or connection

elements,

— communication areas, nodes and public transport

stops,

— public transport sections and lines with timetables,

2. demand model containing data on current and future
transport needs, including the demand for passenger
travel and cargo transportation between specific areas of
the network.

In example it has been assumed that the movement of
goods can be implemented from any node on the transport
network, to another located along the same or different
communication path. For this reason, in fact, for the same
route of carriage will be chosen different routes of carriage,
and hence different types of transport.

One of the tools for estimating the level of environmen-
tal pollution used in the EMITRANSY'S simulation model
is the HBEFA module implemented in PTV VISUM. It
serves to map pollutant emissions from transport network
connections based on the distribution of the traffic flow, the

assumed vehicle structure and unit emission factors (inclu-
ding CO,, CO, HC, NO,, PM,). This module contains
a database that includes historical data from 1990 to fore-
casts for 2035. The structure of vehicles includes participa-
tion within a given category (light delivery vans, lorries,
tractors with semitrailer, refrigerated vehicles), motorcy-
cles, passenger cars, city buses and tourist buses) for differ-
ent types distinguished in terms of e.g. capacity, number of
seats, engine type (gasoline, diesel). This module makes it
possible to determine the emission of pollutants on the
transport network for a given vehicle structure.

One of the possibility of using EMITRANSYS simula-
tion model [15] is the estimation of the emission volumes of
the previously mentioned harmful substances (CO, NO,, HC)
by particular vehicle types, with a specific emission standard
and with a specific engine type. Thanks to this, after the
distribution of flow of passengers and loads on the transport
network of Poland, the level of emission of harmful exhaust
compounds was estimated on individual sections of the
Polish road network [16, 22]. In addition, the emissions from
passenger transport were distinguished. Obtained results for
2015, 2020 and 2025 are shown in Figs 3-5.

Fig. 3. The level of emissions of harmful compounds by passenger
transport in 2015 in g/km (legend: blue line — HC, red line — CO, green
line — NOy) [8]

Fig. 4. The level of emissions of harmful compounds by passenger
transport in 2020 in g/km (legend: blue line — HC, red line — CO, green
line — NOy) [8]
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Fig. 5. The level of emissions of harmful compounds by passenger
transport in 2025 in g/km (legend: blue line — HC, red line — CO, green
line — NOy) [8]

6. Conclusions
The EMITRANSYS simulation model presented in the

paper is an attempt to answer the questions posed by

transport decision makers that deal with proecological solu-
tions for this system. Both the mathematical model and its
implementation in the PTV VISUM program can provide
tools to support decisions in the area of developing a pro-
ecological transport system at both operational and strategic
levels. These decisions may concern, inter alia, moderniza-
tion of the infrastructure elements of the transport system or
the reorganization of traffic.

EMITRANSYS model, moreover, can be applied to:

— studies on the impact of external costs on the structure
of traffic, the attractiveness of transport or between dif-
ferent transport service providers,

— analysis and assessment of the impact of changes in the
structure of road vehicles in the field of Euro standards
on the emission of harmful exhaust compounds pro-
duced by road vehicles,

— research on inter-branch interactions taking into account
the costs of emission of harmful exhaust fumes emitted
by means of transport,

— identification of areas in urban agglomerations in which
the emission of harmful compounds exceeds the ac-
ceptable standards,

— verification of the strategy of protection of areas par-
ticularly valuable for nature in order to prevent the ne-
gative effects of transport activities,

— multifaceted assessment of greenhouse gas emissions
and other harmful exhaust components related to
transport activities,

— research into the strategy for the development of a sus-
tainable transport system by analysing investments on
the road and rail network, taking into account aspects of
transport ecology,

— distribution of financial resources for investments and
modernization of transport infrastructure elements in
Poland.

Summing up thanks to the developed implementation, it
is possible to simulate the assessment of the impact of deci-
sions on the development of the transport network and
legislative conditions of road transport on pollution of the
environment, taking into account the functional dependence
between technical and organizational consequences of these
decisions and the level of harmful exhaust emissions.
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