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Abstract. Impact assessment, in general, includes the environmental safety and security considerations, and cost/cost-ben-
efit analysis of the used sources. As usual, the impact is evaluated at two levels: (1) impact during operation (usage) related
to a chosen operational unit (e.g., running distance [km], operational time [h] or calendar time [h]), (2) the life-cycle (pro-
ject life-cycle) impact. The environmental impact is characterized by the chemical and noise emissions. Safety and security
are estimated by risks. Costs are calculated based on the required financial support and caused losses. All these calcula-
tions are related to the individual vehicles or vehicles with average behaviours. The investigation of sustainability impact
requires a wider evaluation and approach, for example, by also including production and recycling beside the operational
aspects. This paper generalizes the impact analysis. At first, it considers all types of impacts including the direct (e.g., ac-
cidents) and indirect long-term effects (e.g., health problems caused by emissions). All the impacts are expressed as costs.
The defined Sustainable Transportation Performance Index (STPI) is the Total Life-Cycle Cost (TLCC) related to the unit
of transport work. As such, it combines the life-cycle emissions evaluation and transport costing methods. It contains the
total operational and total impact costs. The proposed approach introduces three new specific features in the impact analy-
sis: (1) the impact is evaluated on the transportation system level, (2) the impact is estimated as the total value (including
all the related sub-systems and elements, like vehicles, transport infrastructure, transport flow control, etc.), (3) proposes a
unique index to describe the total impact. The paper describes the general equations and the developed methodology for
the estimation of the total impact and analyses its applicability. The preliminary results demonstrate the applicability of the
defined index and its evaluation methodology. It also shows the limitations of traditional cost models. Further test results

and wider application of the methodology will be provided in a series of follow up papers by the research team.

Keywords: total impacts, transportation means, safety, security, emission, noise, external costs.

Notations

CO, - carbon-dioxide;
GDP - gross domestic product;
GHG - greenhouse gas;
GI - group of impacts;
KPI - key point indicator;
pkm - passenger-kilometre;
PPP - purchasing power parity;
SGI - sub-groups of impacts;
SO, - sulphur-dioxide;
STPI - sustainable transportation performance index;
TILCC - total impact life-cycle cost;
TIPI - total impact performance index;
tkm - tonne-kilometre;
TLCC - total life-cycle cost;
TLCW - total life-cycle work;
TM - transport mean;

TOLCC - total operational life-cycle cost;
TOPI - total operation performance index;
TPI - transportation (total) performance index;
vkm - vehicle-kilometre.

Introduction

Nowadays, impact analysis is a necessary, important and
integrated part of projects developing new technologies
or solutions. However, impact analysis deals often only
with the environmental impact. The global GHG emis-
sions already reached 46 Gt (given in CO, equivalent) in
2013 (WRI 2018). The transportation segment is one of
the major contributor factors by emitting 14% of the GHG
(Edenhofer et al. 2014). The global transportation system
uses more than 100 EJ energy, 95% of which comes from
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petroleum-based fuels, largely gasoline and diesel. 1/3 of
the energy consumption of the vehicles in the transpor-
tation system relates to kinetic energy, while 2/3 to heat
losses.

Transportation plays a determining role in the econ-
omy (Rohacs 2005) and its volume increases with GDP
growth (Baninster, Stead 2002). The European practice in
emissions reduction (EU 2016) demonstrates that for the
last 15 years only, the transportation sector’s emission is
greater than the total emission levels of 1990 due to the
increasing number of vehicles and their usage.

The transportation related white papers and vision
documents define the future KPIs and goals from an emis-
sion reduction point of view. For example, the White Paper
(EC 2011) on the future of transportation, defines its key
goals for 2050 as the following:

- no more conventionally-fuelled cars in cities;

- 40% use of sustainable low carbon fuels in aviation;

at least 40% cut in shipping emissions;

- 50% shift of medium distance intercity passenger and
freight journeys from road to rail and waterborne
transport;

- all of which will contribute to a 60% cut in transport
emissions by the middle of the century.

Generally, the methods of the environmental impact
assessment of the vehicles and transportation systems are
well developed (Ntziachristos et al. 2009; Smit ef al. 2010;
Demir et al. 2011) and with systemically applicable tools
(Upham et al. 2004; De Ceuster et al. 2004).

On a higher management level related to sustainable
development, the effects of environmental impact are de-
fined in the form of externalities. Externality is the cost or
benefit of any actions that is experienced by the unrelated
third parties (Buchanan, Stubblebine 1962). This approach
converts all the effects to a cost value. The method is well
applicable to investigate special aspects, like the support of
electric (Buekers et al. 2014) and hybrid vehicles (Samaras,
Meisterling 2008). It is also used to study and evaluate an
economic sector, such as transportation (Van Essen ef al.
2008; Maibach et al. 2008). The special value of the update
of the “Handbook on the External Costs of Transport”
(Van Essen et al. 2019, 2008; Maibach et al. 2008) includes:
(1) the good description of methodology, (2) the use of a
large number of references and real data sources, (3) the
use of the safety (external costs caused by accidents) and
congestion factors in the list of externalities. For example,
in the case of passenger cars, the external costs induced
by accidents reaches 50% of all the externalities exclud-
ing congestions. Congestions increase the external cost by
40% (Van Essen et al. 2008). The complexity of the evalua-
tion and the lack of applicable estimation methods might
be characterized by the example of the climate change and
congestion effects. For passenger cars in Europe, the climate
change effects are estimated at 14.4 and 84.1 mln €/year
for the low and high scenarios respectively. The costs
of road congestions are defined between 98.4 and 161.3
mln €/year (Van Essen et al. 2008).

As it can be seen: (1) there are numerous studies and
papers describing the possible translation of the impacts
into costs or cost-benefits, while (2) the results are not so
accurate (such as previously cited costs of road conges-
tions).

Another interesting study was published by Chester
and Horvath (2009). They investigated the life-cycle en-
ergy use and GHG emissions, considering the emissions
caused by infrastructure, fuel production, and supply
chains. They found that the total life-cycle energy use and
GHG emissions contribute an additional 63% for road,
155% for rail, and 31% for air transportation systems over
the vehicle tailpipe values. Generally, investigating crite-
ria air pollutants shows that the vehicle non-operational
components often dominate the total emissions. The life-
cycle criteria air pollutant emissions might be 1.2 to 12 (in
case of SO, emission for the light rail transport even up
to 800) times higher than those related to vehicle opera-
tion (Chester, Horvath 2009). Therefore, the total impact
(taking into account the infrastructure development, en-
ergy generation, etc.) may ‘change the game”. This point
of view may show that even the use of electric cars is not
such a clear and green transport system as it looks for the
first time.

This paper intends to make a further step and take into
account all the costs related to the use of transportation
systems, such as the costs related to vehicle production,
road infrastructure, or transport flow management. In ad-
dition, the externalities should be included into the total
impact evaluation. The total impact must be determined
for the life-cycle, which can be related to the unit of usage,
such as [pkm] or [tkm].

The objective of this paper is to create an index for
total impact evaluation and to develop a methodology
(methodological framework) for the evaluation and ap-
plication of the new total impact index. This paper gener-
alizes the impact analysis. This approach introduces three
new specific features in impact analysis: (1) the impacts
are evaluated on the transportation system level, (2) the
impacts are estimated as their total value, including all the
related sub-systems and elements, like vehicles, transport
infrastructure, transport flow control, etc., (3) defines a
unique index describing the total impact in the form of a
total cost function.

1. Total impact assessment - a general approach

The impact is defined as the effect of a system or concept
on a measured variable or on other systems. In the case of
transportation, this means for example the effects of the
vehicles, transportation means or transportation systems
on society, nature, built environment or large technical
systems (as shown in Figure 1). The impact can be de-
scribed in various forms, from direct and short time (such
as transport accidents) to indirect and long-term (like
health problems caused by climate change) effects. The
impact has an influence on nature through direct (damage
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of trees, forests due to chemical emissions) and indirect ef-
fects, such as the changes initiated by climate change. The
built environment and technical systems might be dam-
aged or even destroyed by the short direct impacts (like
accidents, for example airplane crash into electric power
station) and long-term effects (such as corrosion of the
technical systems caused by chemical emissions).

The demand for the design of sustainable systems cata-
lysed the development of methods of indicator identifi-
cation, evaluation and selection. Probably the most used
definition of sustainability is given by WCED (1987): ...
we must meet the needs of the present in ways that do not
compromise the ability of future generations to meet their
needs...”. Sustainability is characterized by factors, perfor-
mance, indicators and indexes (Gudmundsson 2001; Lit-
man 2009; Rohacs, Simongati 2007; Dobranskyte-Niskota
et al. 2007, 2009) and depends on various factors, includ-
ing economic and societal considerations. The vehicles,
fleets and transportation means have their own character-
istics and performance measures (including for example
the geometrical characteristics, weight, maximum speed,
etc.), see Figure 2. The indicators are variables selected
and defined to measure the progress towards an objec-
tive, such as the development of sustainable transportation

Built environment

Nature

Society

Technical systems

Figure 1. Tetrahedron of the total impact

Sustainable Transportation Performance Index

Only a few STPI
for policy makers

Sustainable Transportation Indicators

20...300 indicators
for system developer,
analysts, system
managers

Characteristics and Performance

From several hundreds
up to several thousands
that are used by vehicle
and system developers

Cand P

Figure 2. The pyramid of indicators (source: Litman 2009)
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(Gudmundsson 2001; Litman 2009; Dobranskyte-Niskota
et al. 2007, 2009). They are usually expressed in the fol-
lowing framework:

— indicator data - values used in indicators;

- indicator type - nature of data used by the indicator
(qualitative or quantitative, absolute or relative);

- indicator system — a process to define the indicators,
collect and analyse data and apply the results;

- indicator framework - conceptual structure linking
indicators to a theory, purpose or planning process;

- indicator set - a group of indicators selected to meas-
ure comprehensive progress toward goals;

- index (STPI) - a group of indicators aggregated into
a single value (Litman 2009; Rohécs, Simongati 2007;
Dobranskyte-Niskota et al. 2007, 2009).

Policy makers need objective information on the gen-
eral impact, including all effects. Therefore, during the last
40...60 years, new approaches were introduced and ap-
plied in impact analysis. There are three major groups of
new methods being developed:

- life-cycle (total life-cycle) effect (emissions, cost) cal-
culations - that is used to analyse and evaluate the
impact of the product (in this context, the vehicle);

- calculation of externalities - external cost of using
or operating a given type of product, in this case a
transportation means, or a type of vehicles;

- sustainability - that evaluates the use of resources as
a long-term effect limiting or reducing the possibili-
ties of future generations.

There are numerous high level, sophisticated solutions

to calculate life-cycle emissions (Chester, Horvath 2009;
Messagie et al. 2013), costs (Asiedu, Gu 1998; Hellgren
2007; Jun, Kim 2007; Furch 2016), to determine externali-
ties (Buchanan, Stubblebine 1962; Van Essen et al. 2008),
study the interactions of transport externalities and trans-
port economy (Santos et al. 2010; Anas, Lindsey 2011)
and interconnections of externalities and environmental
assessment (Norris 2001; Profillidis ef al. 2014). However,
there are no well-developed and applicable solutions in
existence for the evaluation of these groups of effects to-
gether with the use of a general or integrated performance
index.

The authors of this paper investigated sustainable
transportation and its development from various points
of view. The combustion process and its effects was stud-
ied by numerical methods (Bicsak et al. 2010). A new,
simple dynamic model was suggested for the dispersion
of motorway traffic emissions (Csikds et al. 2015). A gen-
eral estimation method was elaborated for transport mode
emission evaluation (Tanczos, Torok 2006). The sustain-
able transportation strategic development was defined
(Michelberger, Nadai 2010). The link between climate
change and the Hungarian road transport was investigated
in depth (Tanczos, Torok 2007). Transport efficiency (Ro-
hacs 2010), intermodal change (Rigo et al. 2007) and mul-
ti-criteria decision-making were investigated for a more
adequate understanding of the basic transportation sys-
tems. A special sustainable transport performance index
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was developed (Rohacs, Simongati 2007; Simongati 2010).
The role of high level, state management in environment
sustainability was studied (Kinzhikeyev et al. 2017). The
developed competences were utilized in the evaluation of
the impact of new technologies (Rohacs et al. 2013; Ro-
hacs, D., Rohacs, J. 2016).

These methods works together with the life-cycle im-
pact estimation methodologies (Van Essen et al. 2008;
Maibach et al. 2008; Chester, Horvath 2009), the available
input data (EU 2016; OECD 2018) and also with the ad-
ditional information on the impact of the infrastructure or
specific system elements. For the latter, see, for example,
the impact from transport infrastructures (Horvath, Mat-
thews 2005), life-cycle assessment of pavements (Santero
et al. 2010) or, as a special example, the toxic effects of
brake wear particles (Gasser et al. 2009). These studies al-
low a further step in the direction of the generalization of
the impact evaluation and use the total impact calculation
as a TILCC.

Developing a general approach means that all the im-
pact, all the effects on nature, society, built environment
and technical systems must be taken into account by sin-
gle index, that might be used generally, independent of the
economic or societal aspects of individual regions.

2. Governing idea

The total impact might be classified into five major groups:

- safety and security - inducing the direct and short
time impact, such as accidents;

- environmental impact (chemical emission and
noise) — generating direct and indirect medium- and
long-term impact on people, nature, and the living
world in general;

- system characteristics — system management, man-
agement of the transport operation processes that, for
example, cause congestions;

- system support — infrastructure, supply chains, up-
stream and downstream processes that have a consid-
erable effect on the environment and society;

- use of resources — that might be defined as perishable
effects, e.g., use of land, minerals sources.

The last GI in this paper are related to economic ef-
fects that take into account the perishable nature of given
resources, such as loss of time when waiting for transport,
loss of agricultural or natural land, use of oil, reduction in
the value of real estate due to emissions, noise or vibration
originating from the transportation systems.

The proposed and introduced new approach general-
izes the impact analysis: (1) it takes into account all types
of impact (safety, security, environmental impacts, system
management, system support, use of resources), (2) it
summarizes all the impact related to the transportation
systems, e.g., the manufacture, operation, and recycling of
the vehicles, the required infrastructure, surveillance and
control systems, and so on.

This paper recommends the use of a simplified and
unique index to evaluate the total impact, in the form of

total costs induced by all life-cycle effects of transporta-
tion system related to a unit of transportation work [pkm]

or [tkm]:

_ TLCC _TOLCC | TILCC
TLCW TLCW TLCW

=TOPI+TIPI, (1)

where: TPI (or STPI) is the transportation (total) perfor-
mance index (or sustainable transportation performance
index); TOPI is the total operation performance index;
TIPI total impact performance index; TLCC / TOLCC /
TILCC are the total / total operational / total impact life-
cycle cost; TLCW is the total life-cycle work.

It is clear, that the TOPI as the operational cost of
a given vehicle in a given transportation mode is well
known, and is already used by the owners, operators, ser-
vice providers. It plays the determining role in the users’
selection of the vehicle, transportation mode and trans-
portation chain. On the other hand, the TIPI deals with
the externalities. This is the index that can be used in im-
pact assessment.

The goal of this paper is to introduce a generalized
index to evaluate the total impact of transportation sys-
tems and enable the comparison of various transportation
means. As TOPI is assumed to be known, the following
sections only describe the calculations of TIPI.

The TIPI summarizes all impact:

) Zn:TILCCi

TIPI= » TIPI, == 2

121: TLCW @

where: i =1, 2, ..., n define the different groups of impact.

In the case of transportations systems; i can be defined as:

safety and security, environmental impacts, system pecu-
liarities, system support, use of resources.

3. Methodology

The individual TIPL in Equation (2) can be expressed as
the sum of the different effects:
a

TIPI, = ——— Vis
TLCW,
m | r
TLCW, = ZZZNJ‘J@Q Wik 3)
j=1 k=1 g=1
where:
m
:ZZZNJ’”I Pikaljka Z Ojkgv " Cjkgv>
:1 k=1

where: j = 1, 2, ..., m describes the subgroups of impact;
k=1,2,..., 1 defines the TMs; g = 1, 2, ..., r represents the
types or groups of the given transportation system; v = 1,
2, ..., u identifies the different forms of consequences; N
is the number of sub-group elements contributing to the
impact; g, p is the parameter of the given types or groups
of system elements that cause the investigated effects; I is
the impact indicator of the given system element; o the
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outcomes / consequences of the impact defined by I or
caused by the events, situations related to the I indica-
tor; ¢ is the conversion coefficient to assess the (external)
cost; W is the work done during the investigated period
defined by p.

As it can be seen, Equation (3) includes many terms.
That is intentional, as the TIPI must take into account all
the effects. There is reason while Equation (3) is defined
in the form of a “hierarchical sum” After a short study
of this formula, a systematic model hierarchy might seem
to appear that could be simply supported by using a set
of special tables. However, that approach has a weakness.
There are no well applicable formulas for the calculation
of all the effects in cost format. Generally, developed cost
models depend on the economic, ecologic and societal
conditions.

Let us examine the use Equation (3) through an ex-
ample. Parameter i = 1 means impact group relating to
safety and security. In both cases, safety or security events,
such as a car accident, may simply cause delay and repair
expenses, but possible additional personal injuries can
result in large extra external costs. Of course, the safety
and security group present a broad range of events based
on size, outcomes, etc. and they must be estimated sepa-
rately using models appropriate to the class of the events.
Therefore, as a first approximation, j = 1 defines the safety
aspects, while j = 2 deals with security. The parameter k
identifies the transportation means, such as road, water,
etc. transport. The g parameter depicts the type of vehi-
cles, for example in the case of road transport, a personal
car or even the personal car type depending on the level
of TIPI calculation. In this last case, Nj,k,q means the num-
ber of different cars in the investigated sectors or regions.
The p parameter might be given as annual (or life-cycle)
averaged running distance of the given car category in
the given regions. Naturally, numerous safety indicators
(Jalonen, Salmi 2009) could be used, basically any that re-
late to causes of safety problems, or risks. In this case, they
can be classified as the following:

— external factors not directly related to the vehicle (or

transport system) like bad weather conditions;

- risks depending on the vehicle structure, (transport
systems organization and structure) like manoeu-
vring characteristics;

- technical failures, such as engine failure, or increase
in fuel consumption due to engine failure;

— failures in control and management, such as failure
in traffic control systems;

— errors caused by the human controlling the vehicle;

- errors, failures caused by passengers or transported
goods.

Each sub-sub-group may contain several, up 20 indi-
cators. As a first approximation, the indicator I, can be
harmonized with the p parameter. Here, for example, the
impact indicator can be defined as a risk of accident re-
lated to the given unit of p parameter, namely the risk
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of accident related to unit distance. Depending on the
required accuracy and available preliminary information
(e.g., statistical data on the operational history), the safety
performance indicators, such as failure rates can be inte-
grated into a few indicators. Even in a simple case, three
indicators can be applied, such as accident, hard accident
with human injuries and serious accidents with fatalities.
If these three indicators are integrated into one, as a sin-
gle risk of accidents, then the accident outcomes, such as
hard and serious accidents might be defined by weighting
coefficients o. The coefficient ¢ is the cost related to one
unit of outcome o.

The p parameter also plays the role of a weighting
function that depends on the vehicle or system charac-
teristics and parameters, since the indicators depend on
the real characteristics of the real vehicles, systems or en-
vironment. For example, the accident rate depends on the
colour of the car, GDP of the country or regions, on the
driving culture, or the driver assisting systems. Therefore,
the given car category could be further specified, for ex-
ample petrol or diesel engine, being black, white or yellow
and so on. The consequences o, describe the function of
consequences that take into account the outcomes form
the impact characterized by the performance indicator.
The consequences might be divided into more categories
harmonized with the applied impact indicators. For ex-
ample, a simple accident might cause damages in: (1) the
vehicle, (2) the transport infrastructure, (3) the cultural
values. The consequences are defined as a function of out-
comes, as they depend on the level of economy and thus
might change over the life-cycle frame.

By taking into account the functions of parameters,
impact indicators, consequences and conversion coef-
ficients, Equation (3) can be rewritten in several other
forms:

TIPI, :—TL‘SW Vi, (4a)
i
where:
m | r
“= Z};Z;Nf’k’q Tojng (pj’k’q).flj,k,q (Ij,k,q )X
j=1 k=1g=
u
Z;foj,k,q,v (oj,k,q,v ).ffj,k,q,v (Cj,k,q,v) H
=
TIPI, :—TL“CZW Vi, (4b)
i
where:
m | r
% ZZZZNj,k,q Tiia (Pj,k,q)x
j=1 k=1 g=1

u
YU R CTon RN U

where: f are functions depending on the given index x
(namely P, I o, c) at the defined next indexes.

The developed methodology can be applied, for exam-
ple, to a given vehicle, equivalent (average) vehicle, fleet,
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or to a transportation company or TMs. Therefore, this
methodology is structured in a hierarchic form. For exam-
ple, as a first approximation, the safety impact of the acci-
dents as external costs can be determined by the following
simple formula, applicable for a small taxi company:

n k
ZNi “Pi L
i=1

D076

j=1
TIPIsafety,accident = n =
ZN it Pi
i=1

n
ZNi Pi L ‘(Oi,d "Ci,d t 05 in " Cijin T O ¢ 'Ci,f)

i=1
. .6
ZN i Di
i=1
where: i =1, 2, ..., n defines the car categories used by the

taxi company; N; number of cars of the given category; p;
is the annual average mileage of the i category of cars; I, ;
safety accident rate (risk) of the given category of the cars;
04 0jy» Of are the weighting coefficient, ratio of damage,
injure and fatal accidents taking into account the third
parties involved in the accidents (therefore, the sum of the
weighting coefficients is more than 1); ¢4, ¢;,, ¢rare the cost
conversion coefficients of damage, injuries and fatalities.
As it can be understood, the hierarchy of the method-
ology allows the use of the created TIPI or TPI index on
different levels; as individual cars, transport company, city
transport, etc. and on the different segments (evaluating
only the safety aspects or only the greenhouse effect).

4. Applicability

A team of researchers, under the guidance of the authors,
applied the methodology to prove its applicability. The
methods were applied to several study cases based on real
world data. The list of cases includes impact estimation,
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identification, evaluation and selection of the applicable
cost models and the study of the method’s accuracy. Using
the index, new cost models were also developed.

The data required were collected from a variety of in-
formation sources, including statistical data, references,
research reports (CORDIS 2006; Maibach et al. 2008; Van
Essen et al. 2008; Edenhofer et al. 2014; WRI 2018; EU
2016). It has to be noted, that data is very sensitive to a set
of complex circumstances such as economic development,
societies, structure of the transportation systems and fac-
tors depending on the culture. To support this claim, se-
lected conversion coefficients of fatalities for several Eu-
ropean countries are shown in Table.

Table shows that the conversion coefficients and other
parameters (e.g., outcome functions) are very different for
different conditions, countries or regions. These applied
parameters, indicators, weighting and conversion coeffi-
cients highly depend on the economic, technical (techno-
logical) and social factors.

Therefore, the developed methodology must be adapt-
ed to the real situations, real conditions and real regions.

For example, the fatality costs as the social value and
statistical life are usually estimated by the willingness to
pay method (Upham et al. 2004; De Ceuster et al. 2004;
Buchanan, Stubblebine 1962; Litman 2009). It is interest-
ing, that the willingness is rather greater at countries with
higher GDP, where citizens are willing to pay from 70 to
200 years’ net income to avoid a transport fatal accident
(as shown in Figure 3). This paper wishes to underline
that the fatality costs might be overestimated, when the
citizens are willing to pay 60...160 years of GDP per cap-
ita, which is unavailable. As seen in Figure 3, relatively
higher amounts are payed by countries with lower GDP.
The fatality costs are changing with increasing GDP, but it
seems, again, that the greater growth belongs to the poorer
countries, as shown in Figure 4. However, Figure 4 also
demonstrates that the fatality costs correlate with the GDP
and can be defined by approximation formulas.

Table. Estimated values for casualties avoided, defined in € for year 2002 and in PPP (source: CORDIS 2006)

Fatality Severe injury Slight injury Fatality Severe injury Slight injury
Country €2002, factor prices €2002 PPP, factor prices
Austria 1760000 240300 19000 1685000 230100 18200
Cyprus 704000 92900 6800 798000 105500 7700
Estonia 352000 46500 3400 630000 84400 6100
Finland 1738000 230600 17300 1548000 205900 15400
France 1617000 225800 17000 1548000 216300 16200
Germany 1661000 229400 18600 1493000 206500 16700
Hungary 440000 59000 4300 808000 108400 7900
Italy 1430000 183700 14100 1493000 191900 14700
Latvia 275000 36700 2700 534000 72300 5200
Lithuania 275000 38000 2700 575000 78500 5700
Norway 2893000 406000 29100 2055000 288300 20700
Poland 341000 46500 3300 630000 84500 6100
Spain 1122000 138900 10500 1302000 161800 12200




Transport, 2020, 35(2): 193-202

199

250
7=110"7-x2 - 0.0084-x + 232.92 ®  fatality/ GDP
g 200 fatality / net incom
< O A Bt poly. (fatality / GDP)
] . .
g8 poly. (fatality / net incom)
= 150 Y v
z
o-.. 0
k) e ~~~.._ ¢
8 100 ~=<aAlL
[ o~
= =7.10"8x2 - . T~~~
g y=7-10"8x>-0.0052-x + 169.49 ® [ J o0 -Jo0ad
50
0
0 5000 10000 15000 20000 25000 30000 35000 40000
GDP [€]

Figure 3. Willingness to pay to avoid transport accident fatalities (ratio of fatality costs per GDP
and fatality costs per persons net income for EU countries in year 2010)
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Figure 4. The estimated fatality costs as function of GDP per capita

The introduced methodology was applied to calculate
the TIPI, and compare various transportation means. In
this paper, only the safety group of impact indices is de-
scribed.

Of course, there are several challenges and barriers,
that can make the use of the recommended methodology
difficult. One of the most important fact is that, the TIPI
(and TPI) must be determined for the complete life-cycle,
while the numerous aspects; indicators, parameters and co-
efficients of the cost-models may be subject to change. At
first, this is the reason while the total impact must be deter-
mined for the unit of work. At second, the change models
applied by the TLCC analysis might be used in these esti-
mations, too. For example, the changes in labour cost, price
of materials, energy used in building the infrastructure, etc.
might be modelled as it is done in TLCC calculation.

This calculation uses Equations (4) and (5). For sup-
porting the impact estimation, a special table model is de-
veloped, that contains the following sections in horizontal
rows:

- number of rows;

- region or area of investigation (like Europe, Hungary,

or Budapest Mass Transport Company, small logistic
company, etc.);

- code number - completed from the indexes;

- GI (depicted by index i);

- SGI (identified by index j);

TM (indexed by k);

number of studied elements or merit, i.e. value of the

chosen governing parameter;

— applied general parameters:

- applied parameters, their appellations and values
(for each parameter);

- formula (used for the determination of the general
parameter) and calculated value;

- general impact indicators:

- applied indicators, their appellations and values;
- formula (used for the determination of the general
impact indicator) and its calculated value;

- outcomes (determined by the use of the same meth-
ods as those applied to general parameter and general
impact indicator calculations);

- cost coefficient (determined by the use of the same
methods as those applied to general parameter and
general impact indicator calculations);

- work (two columns: dimension and value);

- results (summarized in 5 columns:

TIPI, ;1 o> TIPI, ; ., TIPI, ;, TIPI, and TIPI).
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5. Results

The introduced TIPI and the developed methods were
also tested and validated. The example results, relating to
Hungarian and EU transportation systems, are shown in
Figures 5 and 6.

Figure 5 shows the breakdown of the safety total im-
pact determined for Hungary and Europe. As shown, the
costs related to health consequences (fatality, severe in-
jury) are higher in Hungary due to the larger safety risks.

0.07 W delay
0.06 M congestion
B administrative
0.05 infrastructure
damage
B relatives
0.04
damage
0.03 M slight injury
severe injury
0.02 W fatality
0.01

Hungary EU28

Figure 5. Safety TIPI determined for the passenger cars
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Figure 6. Safety total impact performance ([€ ct/pkm]
for passenger car, buses and motorcycles and [€ ct/tkm]
for freight transport) in Hungary for year 2014 (a) and costs
[€ ct/pkm] breakdown for motorcycles (b)

The administrative cost for Europe is higher than in Hun-
gary, due to the higher operational costs of the offices,
wage of employees and the more complex investigation
processes. Interestingly, the congestion costs compared to
the other elements are relatively high, mostly due to the
higher value of time and more congestions (especially in
the more developed countries). In some cities, the mar-
ginal external costs induced by congestion might reach
2...2.5 €/vkm.

In 2014, in Hungary, many accidents with fatal and
severe injuries involved motorcycles, while these were op-
erated at relatively small average distances, so the impact
per unit transport work is very high, as seen in Figure 6.
A small investigation on the potential cause indicated that
this is primarily caused by the pleasure and “racing” runs.

Figures 5 and 6 demonstrates that there is no limita-
tion on applicability of the method in various impact es-
timations. On the other hand, there are some limitations
caused by available cost models. Assumptions might be
useful in the simplification of the cost-models, harmoni-
zation of the results with stakeholders and supporting so-
cietal acceptance. These assumptions may have two roles:
reducing the uncertainties and reducing the time-effects.

Conclusions

Nowadays, in the era of climate change, sustainability is
a major objective of the development methods of future
vehicles and transportation systems. There are many in-
ternational (EU supported) and national projects that es-
timate the impact of various transportation means, differ-
ent elements of the transport systems on the environment,
economy and societies. Several related works introduced
the idea to evaluate the transport impact with external
costs. The developed methodologies intend to integrate
all impact elements into one unique index.

This paper takes a further step and recommends the
use of a TIPI as the total life-cycle external costs related
to the vehicles” unit of transportation work. This way it
combines the total life-cycle emission evaluation methods
and transport costing methods.

The paper defines the methodology to calculate the
suggested new TPI. This method can be used to perform
comparative studies of transportation means, different
transportation networks, emerging new solutions, new
technologies (such as electric vehicles). The short explana-
tion and discussion sections introduce the proposed idea
and methodology.

The future applicability of this developing methodol-
ogy requires the creation of a series of models, especially
cost models for the different impacts. The available models
today have many uncertainties and even unclear depend-
ence on economic and societal factors.

The developed methods were tested and the concept
was validated as a separate study. The example results pre-
sented here show the applicability of the recommended
TIPI, the developed methods of calculations and some
possible outcomes of the process.
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