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Abstract. Currently, many logistics operators operate in both domestic and foreign markets using various forms of trans-
port organization. Choosing a corresponding technology and appropriate form of transport has an influence not only de-
livery time and costs, but also has an impact on the environment as a whole. There is a plethora of public research available
in global literature discussing various ways of exploiting transport. On the other hand, there is a lack of complex studies
detailing carbon emissions coming from transport activity. Specifically, where a theory of organic fuel combustion in the
form of a chemical reaction with oxygen is considered. To fill this gap, we offer an innovative Emission Model of Indus-
trial Sources (EMIS) method. This method makes it possible to determine the amount of CO, emitted into the atmosphere
during various transport methods. It also enables us to estimate, in terms of CO, output, a threshold where transport of
containers via combined mode becomes more favourable for the environment, than road transport. We ran a simulation of
our algorithm to create boundary conditions. This let us prepare a regression function of CO, emission, for intermodal and
road transport as a function of various transport distances. The simulation results suggest that our approach may be used
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by supervisory institutions, which are responsible further developing and utilizing combined transport.
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Notations

CO, - carbon dioxide;
EMIS - emission model of industrial sources;
g CO,/g-t-km - gram CO, per gross-tone-kilometre;

GHG - greenhouse gas;

H,O - steam;

HGYV - heavy goods vehicle;

N, - nitrogen;
VBA - Visual Basic for applications.

Introduction

Presently, global economic development determines the
growing flow of cargo and passengers. In this regard, sus-
tainable transport becomes more and more important for
social life. Sustainable transport can be defined as, all ac-
tivities having an influence on the safety and ecology of
transport. In doing so, all elements of sustainable trans-
port should be planned in a manner, which permits peak
effectiveness in terms of the economic, social and ecologic
aspect of transport systems. Thus, sustainable transport
must be environmentally friendly, energy efficient and safe

for the community, no matter, which transport branch is
considered (Ambroziak et al. 2013; MTBGM 2013). Ad-
ditionally, sustainable transport must use efficient forms of
transport as well as alternative sources of engine propul-
sion. In the scope of cargo transport, hope for the future
of transport consists of development of high speed rail an
inclusive intermodal transport branch (Jacyna et al. 2017).

Accordingly, in our research, we would like to empha-
size how organization of the transport process can cause
growth or reduction of GHG emission. For example, we
compared carbon emissions resulting from intermodal
and road transport. During the process, certain groups of
parameters related to transport organization were tested.
It enabled us to follow the characteristics of CO, emis-
sion deriving from the process of diesel fuel incineration,
which takes place in locomotive engines and HGV.

For scientific purposes, we conducted an extensive
literature review on the topic of intermodal transport
network modelling, and the issue of volatile compounds
emitted during the process of fuel combustion. This step
was necessary to broaden our understanding of the field.
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We also decided to adopt elements and schemes of inter-
modal transport network modelling derived from numer-
ous available materials. However, as it turned out, current
literature lacks a clear and complete numerical attitude to
the calculation of carbon emission. Typically, experts ana-
lyse data that is already retrieved from available programs,
found on the internet. In contrast, we decided to present
a unique approach to this topic and design the EMIS
method. Based on the EMIS method we prepared our
own program that enabled us to run our simulation in-
stead of using other programs. Most importantly, we used
a notion of container triangulation, which is commonly
used in practical logistics. This step helped us simulate
real world conditions taking place in the logistical world.
It is worth noting, that this method contains not only the
elements of transport process modelling, but in addition,
uses a simplified theory of organic fuel combustion, which
is novelty in the field of the logistics papers.

This paper is organized as follows:

»» section 1 reviews crucial literature about the current
role of intermodal transport, empty container reuse
and intermodal transport network modelling;

»» section 2 presents assumptions of the model and
EMIS method, which enables us to estimate CO,
output in road and intermodal transport;

»» section 3 reports simulation results;

»» section 4 discusses the paper concludes and analyses.

1. Literature review

1.1. Role of intermodal transport

Intermodal transport is a subset of transport where cargo
is transported in the same loading units from consignor
to consignee with the use of the subsequent branches of
transport. Usually, the arrangement of the intermodal
transport process determines the usage of combined
transport. Combined transport is also a branch of inter-
modal transport, but here the vast majority of transported
distance is accomplished by rail, inland navigation or sea
shipping. Pre-carriage and on-carriage distance is pro-
ceeded by road transport (Ambroziak et al. 2014). Load-
ing and unloading points are identified as intermodal ter-
minals and together, with transport connections, form an
intermodal transport network (Figure 1).

A structure of the transport network results from the
type and volume of transport tasks, manner of transport
organization as well as the number and specification of
customers.

Intermodal terminal g

Intermodal terminal

€

Figure 1. Scheme of container flow
between intermodal terminals
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A growing amount of cargo and passengers determine
the dynamic transport development that entails environ-
mental and social costs. Meaning, transport development
has a very destructive influence on the natural habitat cre-
ating significant external costs, triggered by: harmful ex-
hausts, noise and traffic accidents (Ambroziak et al. 2013).
There is an urgent need to curb its influence on human
life and the environment. Currently, the most important
step is to improve the competitiveness of the railway sec-
tor and increase the share of rail and inland navigation
transport in the market. On the other hand, there is a need
to curb the share of HGV transport in the market. It is
worth noting that this type of transport is the dominant
mode in the entire European Union. This phenomenon
entails a substantially negative implication. Road transport
is widely perceived as the most invasive human activity,
damaging the natural habitat. The fuel combustion process
in a vehicle engine, releases many volatile and mechanical
molecules into the atmosphere, some less harmful than
others. It is worth noting that the consistency of the air
pollution depends on several factors. Distinguishable,
among others by; type and characteristics of vehicles, fuel
type, infrastructure location, vehicle velocity and traffic-
jam origin place (Pyza 2019).

Accordingly, in these findings we present recipe to re-
duce the environmental impact of HGV transport mode.

1.2. Triangulation it means
“empty container reUSE”

A notion of triangulation has been introduced to better
understand the road and intermodal process of deliveries.
Triangulation is a process that allows more efficient use of
vehicles. Usually, an unloaded container at a recipient’s lo-
cation is redirected as empty to the next customer, where a
container is reused for goods loading. Meanwhile, a driver
does not have to go back to the terminal. Thus triangula-
tion mitigates the financial impact on the budget of trans-
port companies. In addition, the triangulation reduces
CO, emission because it limits the vehicle’s empty courses.
Furthermore, this step enables relative theoretical research
and a practical aspect of transport organization. Generally,
a notion of triangulation is used in the jargon of the big-
gest container companies such as Maersk, MSC and also
companies supporting intermodal business like Avantida
(https://platform.avantida.com). In literature, the notion of
triangulation is defined as “empty container reuse”. This
process has been quite precisely described by Jula et al.
(2006). Experts adopted this method to minimize empty
vehicle courses and road congestion within the range of
the Los Angeles/Long Beach seaport (US). Similarly, our
papers also showed an analytic model, which included a
case study based on current and future demand for con-
tainer transport. This appliance enabled experts to assess
the solution in an impartial way. It turned out, that tri-
angulation brings rational savings within the scope of an
enterprise’s financial budget. Accordingly, in our studies
we will prove that such a solution will also have an impact


https://platform.avantida.com

248 M. Brzeziniski, D. Pyza. Carbon dioxide emission from diesel engine vehicles in intermodal transport

on our natural habitat and will help decrease negative in-
fluence thanks to a diminished number of HGV courses.
More broadly, the application of triangulation has been
described by Belmecheri et al. (2009). The difference was,
that in this case, costs were optimized by limiting empty
vehicles transferring from the port terminal to the depot,
from recipients to depots and from depots to shippers. In
addition, the model was impacted by certain limitations,
i.e. shippers could only obtain containers from consignees
and depots could only store containers used in triangula-
tion. Here, in order to resolve the optimization problem, a
Solver embedded in the packet of Microsoft Excel has been
applied. A similar tool has been used in our case study.

Presently, many enterprises around the world whose
main area of activity is container turnover, analyse their
supply chain. These enterprises focus primarily on envi-
ronment issues and cost optimization. Experts noticed
that container triangulation perfectly reflect the policy
of the green logistics chain. In their analysis, the volume
of container flow and their weights have been taken into
account, which was convergent with the subject of our
research. The most complex studies about container re-
use were carried out in position of Boile (2006). Scientist
considered container repositioning from a local, regional
and global point of view. Primarily, the highest pressure
has been put on the regional and local sphere where it
has been demonstrated and all model limitations have
been analysed. A crucial issue was to figure out what kind
of profit can be brought from the decision-making sys-
tem regarding empty container transfers. The final effect
was growth of supply chain effectiveness, by reducing the
number of stored empty vehicles and limiting their trans-
fer between depots and consignees or consignors. Simi-
larly, we also considered the influence of triangulation on
a local scale as well as the added value from implementa-
tion of the triangulation process.

1.3. Aspect of intermodal network modelling
in terms of environmental impact

Today, the rapidly developing technology of intermodal
transport involves tackling complex solutions in the scope
of transport and loading operations in intermodal termi-
nals. Environmental contamination has changed the ap-
proach of logistic operators who nowadays are reaching
cargo flow consolidation by increasing means of transport
utilization. Experts (Fan et al. 2019) have identified three
types of cargo consolidation: (1) non-consolidated flow,
(2) container-consolidated and (3) combined-consolidat-
ed. In this paper, researches assessed a distinct method
of container flow on its economic effectiveness as well as
impact on the environment. Each of these models were
evaluated on the basis of total costs and total carbon emis-
sions. Heggen et al. (2019) described the issue of container
delivery from/to intermodal terminals. Focus was placed
on the short- and long-distance routing issue between
intermodal terminals in cases where regions contained
multiple terminals. This attitude reduces the total number

of kilometres transported, because of more effective utili-
zation of transport connections. In this case, the driver’s
working time, scheduling, and cut-off time were consid-
ered.

The issue of intermodal network modelling and its en-
vironmental impact has been a widely recognized subject
by many researchers in global literature. Many analyses
have been conducted in this field. Those analyses con-
cerned among others:

»» intermodal transport effectiveness (Monios,
Bergqvist 2017; Santos et al. 2015; Wiegmans, Kon-
ings 2015);

»» handling process optimization (Boysen, Fliedner
2010; Cordeau et al. 2015; Fedtke, Boysen 2017; Guo
et al. 2018);

»» studies about intermodal carriages both in Poland
and in the world (Flodén, Woxenius 2017; Grzela-
kowski 2012; Saeedi et al. 2017);

»» empty intermodal transport units management
(Furid et al. 2013; Hjortnaes et al. 2017);

»» localizations of the intermodal terminals (Limbourg,
Jourquin 2009; Lin et al. 2014; Brzezinski, Pyza
2020);

»» environmental impact of intermodal transport (Ar-
nold et al. 2004; Braekers et al. 2009; Craig et al.
2013; Dimoula et al. 2016; Garcia-Alvarez et al.
2013; Hjortnaes et al. 2017; Jacyna et al. 2017;
Kreutzberger et al. 2006; Li et al. 2013, 2014; Lopez-
Navarro 2014; Monios, Bergqvist 2017; EC 2015;
Ritchie, Roser 2017; Southworth, Peterson 2000).

However, current literature lacks reliable case studies
showing a connection between the aspect of intermodal
network modelling and GHG emission. To fill this gap we
offer the EMIS method, which presents our individual at-
titude towards this issue.

2. Materials and methods
2.1. Literature background for EMIS method

This method was elaborated based on the author’s empiri-
cal experience. Of course, in literature there are a lot of
papers that have an akin attitude to CO, emission. For
instance, in position (Lebedevas et al. 2017) demonstrated
results, in the same manner as our work, coming from
mathematic modelling within the field of freight rail
transport. But in this case however, experts focused on
researching how much fuel and energy is consumed by
diesel locomotive freight, or how much CO, is emitted
when moving on the main rail track of Lithuania. Re-
searchers proposed a series of special solutions. In order to
assess, which solution is optimal, they used certain crite-
ria. Contrary to our papers, they have also considered an-
other volatile compound. In their case study CO, emission
levels were dependent on the total weight of the train. Ex-
perts considered this weight to be between 3000...7500 t.
In our consideration, the train was much lighter. Besides,
they obtained results based on a computer simulation. For
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example, we built our method and program from scratch.
In the next source (Rajkovic et al. 2016), carbon emis-
sion was completely dependent on cargo weight and cargo
volume, which, from our point of view wasn’t justified.
In our model, for instance, another factor was taken into
account - tare of wagons that was a component of total
train weight. Therefore, researchers calculated CO, emis-
sion as a [g CO,/t-cargo]. Instead, we calculated carbon
emission as a [g CO,/t-km]. However, they created their
own method and designed it in the MATLAB. We did the
same, but we used VBA language and Microsoft Excel. On
the other hand, they presented a wider attitude to carbon
emission because they also considered carbon emission
deriving from sea transport. A very innovative result is
showed by Garcia-Alvarez et al. (2013). However, in this
paper only electric locomotives were taken into considera-
tion. Experts designed a model where lost power played
a key role. As a result, they received CO, emission calcu-
lated per [kW-h/t-km]. Our method does not include re-
search on electric locomotives but it will definitely become
a topic of our future papers.

2.2. General methodology assumptions

To test transport emissions in the EMIS method, a com-
parative analyses must be carried out. The analysis mainly
concerns the field of goods carriage by road and inter-
modal transport. CO, emitted by road and intermodal
transport has been chosen as a criteria of negative impact
on the natural habitat. To conduct the research authors of
this paper must: (1) formulate the assumptions concern-
ing the scope of process transport organizations, (2) carry
out the parameterization of the input data, which charac-
terizes the transport process, (3) describe a method and
level of carbon emission, (4) prepare a simulation for the
chosen input parameters.
A full code of conduct during the process of this re-
searching depicts the Figure 2.
A simplified container delivery sequence has been pre-
sented below:
1) for intermodal transport:
»» empty containers are provided to the consignor’s
location, where loading takes place. A number
of empties and their structure is perceived as a
function of demand. Empty containers are pro-
vided, both from the unknown consignee under
the process of triangulation, as well as directly
from the intermodal terminal. Designation B,
means, a share of empty containers provided
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to the consignor from the random consignees.
Other parts of containers that are picked up from
the terminal are marked as B, = 1 - 3;, where
By AP < (0.1)

»» the empty container is loaded in the consignor’s
location. Then, the unit is delivered to the inter-
modal terminal B,, as a full unit;

»»a group of full containers are loaded onto the
train, then carried to another intermodal termi-
nal E,;

»» containers are reloaded from the train onto
trucks and delivered to the final consignees;

»» containers are unloaded at the consignee’s loca-
tion Then, empty units return to the terminal or
are being provided to another consignor’s points
in order for reuse. Designation B; denotes a
share of empty containers that are provided to
another consignor from the unloading point.
Other parts of containers that return as empty
to the terminal are marked as B, =1 - 35, where
Bs ABy e<0,1>.

2) for road transport:

»» empty containers are provided to the consignor’s
location, where loading takes place. Similarly, a
number of empties and their structure is per-
ceived as a function of demand. Empty con-
tainers are provided both from the unknown
consignees under the process of triangulation
as well as directly from the pickup/drop-off
point marked as D,,. Designation 0, is a share of
empty containers that are provided to consignor
from the unknown consignees. Another part of
containers that are picked up from the pickup/
drop-off point is marked as 0, = 1 — 0,, where
0,70, € <0, 1>;

»» empty containers are loaded and carried directly
to consignees as a full unit;

»» containers are unloaded at the consignee locali-
zation. Then returned to the pick up/drop-oft
point or are provided to another consignor for
reuse. Designation 0; denotes a share of empty
containers that are provided to another con-
signor from the unloading point. Other parts of
containers that return as empty to the pickup/
drop-off point are marked as 6, =1 - 03, where
CIVNCH egO, l> and 0; = 0,.

In the case of door-to-door deliveries, the values of
parameters 6, and 0; (triangulation rate) are growing
consistently with the growing distance between consignor

Assumptions Algorithm

»» network connections » step -by-step

»» input parameters procedure of conduct

Calculations Data analysis

»» formal record of
calculations

»» results interpretation

Figure 2. Scheme of research algorithm
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and consignee. In extreme cases - for example when the
distance between consignor and consignee is sufficiently
high, the level of triangulation is equal to “1” because car-
riers go to extra lengths to avoid arranging empty courses.

2.3. Input data parameterization

For the purposes of methodological research and formula-
tion of decision-making processes, input data parameteri-
zation has been prepared and posted in Table 1. This input
data parameterization will help to identify the intermodal
transport network.

2.4. The EMIS method algorithm

The EMIS method was developed for research purposes.
This method allows one to estimate the amount of CO,
emitted into the atmosphere where various organizational
solutions are concerned. Seven stages of this method were
singled out below.

Stage 1: input data parameterization

The first step was to determine a task size — among oth-
ers: number of containers and their type. It is assumed

that the number of containers transported by intermodal
mode LKy is equivalent to the number of containers
transported by road mode LK},. Formally, it means that
LKpc = LKp. A generic structure of containers handled
in the current example may be determined based on the
equation specified below:

k _
LK R =LKpc -1y
and

LK =LK, -m,,, rkeRK, (1)

notifications: LK}%. - number of containers of rk-type
transported by intermodal mode; LK}¥ — number of con-
tainers of rk-type transported by road mode; m,; - a share
of rk-type of containers in the total number of container
in the transport task under consideration. The m,; value
should meet the following conditions:

mrk - 01
and

rkeRK

Table 1. Input data parameterization

Parameter notification

Parameter interpretation

A, = {An n= LiN} group of container shippers

C,= {CD 0= E} group of container recipients

-fpr-i)

set of the road vehicles used due to transport containers

K:{k:k:ﬁ}

set of the rail vehicles used due to transport containers

RK = {rk :tk=1,RK } container collection types

A,B

groups of consignors can be identified as: L=|I£ ]

a length of road connection of the I type between A, type of consignor and intermodal terminal, where
1P containers are being delivered by p type of road vehicle. In this case, all length types derived from entire

P eR*, A €A, peP
AnB Inxpxp AnB n €4 P

a length of road connection of the /1 type between intermodal terminal and the C, type of consignee,

1P where containers are being delivered by p type of road vehicle. In this case, all length types derived from
EC
’ entire groups of consignee can be identified as: L1 :[llgc } , llgc eRY, C,eC,, peP
© JExCyxP 0
P a length of rail connection of the 12 type between intermodal terminals, where containers are being
I2%E delivered by k type of rail vehicle; 12];:(35) eR*, keK
a length of road connection of the I3 type between A, type of consignor and C, type of consignee, where
3P containers are being delivered by p type of road vehicle. In this case, all types of lengths can be identified
A,C
" as: L3=[Z3ﬁcl 134 . eR*, A €A, C,eC,, peP
n-o X X n-o
a length of road connection of the /4 type between pickup/drop-off point for empty containers and A,
14P type of consignor, where containers are being delivered by p type of road vehicle. In this case, all types of
DA
" lengths can be identified as: L4 :[l4gA } , 14, eRY, A €A, peP
" _IDxNxP n
a length of road connection of the I5 type between C, type consignee and pickup/drop-off point for empty
I5P containers, where containers are being delivered by p type of road vehicle. In this case, all types of lengths
c,b

can be identified as: L5 :[ISIéOD} R ngﬂD eR*, C,eC,, peP

OxDxP
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Stage 2: coordinates of consignors and consignees
generating process

To reach research objectives, a data set was generated.
This data can be treated as a reflection of the stochastic
container delivery process. Using Microsoft Excel, a special
program was developed, which uses input parameters pro-
vided by authors. To estimate coordinates of consignors
and consignees, a required number of stochastic param-
eters were generated. The value of the coordinates was a
function of the transport task size. A standard Microsoft
Excel function known as RAND allow one to generate
stochastic values from the range (-1, 1). New coordinates
are built based on those stochastic values. It is a neces-
sary and sufficient condition to acknowledge the process
as stochastic. Operation of the data generation process can
be revised for the optional numbers of variants w under
analysis w € W. In addition, variants are different in terms
of distance between intermodal terminals.
The coordinate generating process has been demon-
strated below:
1) firstly, the geographical coordinates of a:
»» first (begin) intermodal terminal B,, (X B, YBW );

»» first (target) intermodal terminal E,, (XE , Y );
»» pickup/drop-off point for empty containers

D, \Xp ,Yp Z‘must be manually inserted into
w w
a program. It has been assumed that values of

coordinates D,, (XD Yy ) are constant. The
w w
remainder are not;
2) secondly, it was obligatory to determine a:

»» minimal min RM" (B, ) and maximal max R
(BW) radius of delivery container to the inter-
modal terminal;

»» minimal min R™" (E,, ) and a maximal max R
(EW) radius of delivery from the intermodal ter-
minal.

It is assumed that in Central Europe 1° on the
map is equivalent to a distance of 73 km (111 km
near to equator);

3) next step was to transform a physical radius of de-
livery onto latitude and longitude:

R1"(B, ) Ry*(B,)

Po, “\" 3 T 3 [
~ R:Vnin(EW)' letvmx (Ew) .
PE, = 73 73 ’ 3)

4) for each quadrant of the coordinate system stochas-
tic parameters N/, and X have been generated.
Those parameters enable us to reflect the relative
placement of localization of consignees and con-
signors from the beginning of the coordinate system
where the coordinates of the intermodal terminals
B,, and E,, are inscribed (Figure 3). As previously
mentioned, a group of parameters are generated

251

based on a RAND function. Values of parameters
meet the following condition: - R AN (—l, 1).
In addition, the parameter values take a positive
value “+” or negative value “-” depending on which
quadrant of the coordinate system a random con-
signor or consignee appears;

moreover, a value of the parameter t”, and 19, was
estimated which made it possible to carry out the
parameterization of consignors and consignees co-
ordinates. Those parameters are correlated with the
area of terminal B,, and E,,. Thus the value of pa-
rameters were calculated as:

5

~

Rmax (B ) Rmin (B ) Rmin (B )
no_ KRN, w w)_ W w w w . (4
R W 732 | 73k @
o R E) R R
w w

73.42 73.42 73.42

6) the ultimate values of coordinates could be calcu-
lated from the following dependencies:

VA, €A,
A,;V(XA;V, YA;V):BW(XBW +L Y ) (6)
vC, eC,
cgv(xcg,, ch,)zEW(XEW Y+ ) )

In the current analysis, the real curvature of the road
has been skipped. Authors of this paper use only vector
values.

The model allows changing the distance between ter-
minals B,, and E,,. The model is also sensitive to the be-
haviour of the remaining road distances that are correlated
with rail distance between terminals. This application de-
termines the amount of CO, emitted into the atmosphere
by vehicles.

Terminals B,, and E,, have been inscribed into the cen-
tre of coordinate systems. Based on them, two circles have
been drawn. The radius of the smaller circle is the mini-
mum distance of delivery. The radius of the larger circle is
the maximum distance of delivery. The coordinate system
is inscribed in the point B,, or E,,. The circles are divided
into four parts. In each quadrant of the coordinate system,
coordinates take the positive value “+” or negative value

« »

. This fact could be written by equation:
I((+XA;:,, +YA;¢ ) or (+XC:;, R +YC;“ )),

H((—XA;V, +YA;“ )or (—XC;V , +YC);“ )),
HI((—XA;V , _YA;;V ) or (_XC;” , _YCg“ )) ;

IV((+XA;V,—YA;V)or(—i—XCy,—YCg, )) (8)

It was demonstrated that the placement of coordinates
of consignors and consignees took a normal distribution.
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Hl(~ap,+37)

W[ (X, -]

HI[(~X g —Yar)

Figure 3. The distribution of consignors and consignees — graphic model

The truth is that the probability of finding a consignor
or consignee in the optional quadrant of the coordinate
system is equivalent to 0.25.

Stage 3: estimating the number of handlings in
intermodal and road transport

When presented with a transport task volume, and know-
ing the structure of the type of containers, it is possible
to calculate the number of transport cycles necessary, by
each transport mode, to execute an entire transport plan.
The number of cycles can vary depending on; type of
transport branch, capacity of the means of transport, value
of triangulation factor, etc. In the given example, the total
number of transshipments in a specific transport relation
has been calculated thanks to the following equations:

»» number of road transport handlings

107, =2 (2map) X | S, s ()

peP rkeRK P Srk P Srk
LKy LKy,
LOF ¢ = D (2 ) 2 | sy | (10)
peP rkeRK Psr PS
LK,
LOZ, = (2-qp) D | =20, (11)
peP rkeRK PS
LK,
LO;V"CO:Z(Z—(];")' > — ) (12)
peP rkeRK PSrk
LK,
LogDD:Z(z—qg) 3| =k, |, (13)
peP rkeRK PS

notifications: g’ - an average utilization of road vehi-
cle of the p-type, PS;’;c — capacity of p-type road vehicle
in terms of rk-type container;

»» number of rail transport handlings

o, =) T [He)
,

keK rkeRK

notifications: g, - an average utilization of rail vehicle of
the k-type, PKX - capacity of a rail vehicle of the k-type
in terms of rk-type container.

Vehicle utilization is an important gauge that tells us
about transport effectiveness. This factor is determined by
variables such as gross container weight, or organizational
effectiveness of the container allotment on the wagon or
semi-trailer.

Stage 4: estimating the total amount of fuel that
is needed to execute the entire transport task

A CO, amount that is emitted into the atmosphere by the
specific vehicles can be perceived as a derivative of the fuel
that is consumed in the given transport cycle. The total
amount of fuel needed to execute a considered transport
task is equal:

»» in the intermodal transport:

NIZUEEY Z((LO”’

TiAd
o )lﬁB )_P+
Ay nPw 100

A, €A, peP
Z((Lomz Ymz) 12k ) “2“1
keK s ¢ P 100
rv
D Z(( R R L2 (1 rask; (15)
C,eC, peP c 100

»» in the road transport:

pny
_ p 4
SIPPe = Z((LOB’AH 62;{1).14%) oot
A, €A, peP
Tl
83W)~l3p )-—P+
A ) 4G ] 100

3 Z(( LO7 ¢
A, €A, peP
HW
D Z((LOQ;D 847 )-zst’DD)- [L/taskl; (16)
C,eC, peP
notifications: 6"/ - a share of transport handlings carried
from A, -type of consignor among all transport handlings
in the road transport carried from entire consignors to
terminal B,; p} - an average fuel consumption of road
vehicle of the p-type a share of the transport handlings
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carried by k-type of rail vehicle among the total transport
handlings realized between intermodal terminals B,, and
E,; u, — an average fuel consumption of k-type of the
road vehicle; 81”’ — a share of transport handlings carried
from terminal E to C,-type of consignee among the to-
tal road transport handhngs carried from many consign-
ees; 82”’ — a share of transport handlings carried from

pickup/ drop off point to A,, -type of consignor among the
total road transport handhngs carried to many consignors;
83”’ — a share of transport handlings carried from A, -type
of cons1gnor among the total transport handlings carried
from many shippers to C, -type of consignee; 64”’ -a
share of transport handhngs from C,-type of con31gnee to
empty container drop-off point among the total transport
handlings carried by road transport from many consign-
ees to container drop-off point.

Stage 5: estimating CO2 amount emitted
into the atmosphere

At present, diesel fuel still remains the most popular fuel
used to propel trucks and locomotives. For example in
Poland, in 2017, nearly 40% more locomotives were pro-
pelled by diesel fuel than by electric power. Accordingly,
CO, estimation processes have been carried out only for
diesel vehicles.

Estimation of CO, emission process:

1) a demonstrated model is based on the theory of
the organic fuel combustion. In a simple form, it
has been assumed that organic hydrocarbon (which
composition is similar to diesel) is combusted with
oxygen O, and N,. While by products of the in-
cineration are: CO,, H,0 and N,. In this regard,
the formula of the fuel combustion process has the
following form:

ws; (C,H, )+ws, (0, +3.76-N, ) =
ws; (C02)+WS4(H20)+W55(N2 ), (17)

where: ws,..wss , v, z — a group of stoichiometric
coeflicients related to a type of hydrocarbon;

2) the second step is to determine the total atomic
mass of the first substrate and the first product of
incineration based on the Equation (17). Atomic
masses of carbon, hydrogen and oxygen were read
from the periodic table. The total atomic mass of
the compounds marked as PS; - the first substrate
and PS, - the first product of the fuel incineration:

PS; =molws, (Csz ) =

wsl(v~12+z~l) [amul; (18)
PS, =molws, (COZ):
ws3(2:12+16) [amu]. (19)

In favourable conditions, the atomic mass of the
first substratum PS; should be proportional to the
mass of the first product PS,:

PS, = f(PS,) [amu]; (20)
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3) finally, the total CO, emission can be calculated
for the given parameters. For intermodal transport
ES,  and road transport ES, amount of CO,
will be equal to:

PS
Es‘ajym :(p.[P—SZ'SIP‘f,OMJ [kg Coz]; (21)

1
PS
ESo% =¢-| —%.SIP/? | [kg CO,], (22)
PS,
where: @ - a fuel density.

Stage 6: estimating a boundary value where CO,
emission from intermodal transport is equal
to emission from road transport

In terms of the ecological aspect, intermodal transport
is more competitive than road transport when the total
amount of CO, produced by road transport eclipses total
CO, emission issued by intermodal transport. Functions
of CO, emission intersection indicate the exact minimum
efficiency limit of intermodal transport in relation to road
transport.

yiom=ay -2k by

BWEW
Y9 =a l2’1‘3 E +b , (23)
where:

> (IZIEWEW —zng)- > (Evavm —Esmm)

a = weW weW . : (24)
(lz’lgwEW —lz’,g,E)

> (lz’lgwEw —lng)- > (Es;;m —ES”’“)

a, = weW weW ; (25)

2
(lz’lgwEW —lz’l;E)

by = ES®m —aq, - 12K ;

b, = ES* —a, - 12k (26)

notifications: ES®™ — an average CO, emission for com-
bined transport; ES™¢ —
combined transport; 125, — an average distance between
intermodal terminals.

In the current case, the length of railway distance be-
tween terminals has a crucial meaning because these dis-
tances directly affect the CO, emission curve. In doing so,
the solution of CO, linear function intersection meets the
following dependence:

Eseom 12k, ) = Esoa (Bf».co ) (27)

an average CO, emission for

Stage 7: estimating CO, emission
per gross-tone-kilometre

The last step of the aforementioned method was to esti-
mate amount of CO, emitted by combined transport p,,
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and road transport p!?® [g CO,/g-t-km]. It could be done
based on the: mass of vehicles their characteristic and CO,
amount emitted by road and rail transport. Due to this
purpose, the following equations have been used:

com

Py _W [g CO,/g-t-km];
roa :l [g CO,/g-t-km], (28)
pw BTDma g 2 g
where:

BTKCOm — 0)1’0t1

oY Z(LO’V .SXn)+

A, €A, peP
p
> Y(eope, o |k
C,€C, peP
i i k .
oL - (Log:E ml) Rk (29)
keK

BT =i | > Z(LO’V 82 - 141’;A”)+

A, €A, peP
> Z(LO’V 837 138 C)
A, €A, peP o
> Z(LOEYOD~84S; .ZSIC’DD) , (30)
C,€C, peP

notifications: ®’%% - an average gross weight of road ve-

avg
hicle; (o;‘f,fg - train average gross weight.

3. Case study

Due to the EMIS method, multiple experimental calcula-
tions have been executed. This step enables to work out
general conclusions.

In the current papers, the intermodal system handles
only 20’ and 40’ containers. Table shows a basic input data
for the analysed model.

Most parameters result from empiric observations. For
instance, the average intermodal train length in Europe
is equal to 600 m. On such length, a train may be loaded
either with 44 units of 40" containers or 88 units of 20’
containers. We assumed that the average unit’s weight
amounts to 15 t (with standard deviation +5 t). When to-
tal cargo weight and wagon tare is summed, the train can
weigh between 1200...1800 t. For scientific purposes it has
been assumed that the train weighs 1300 t. Accordingly,
the same assumptions were made with truck weights. The
terminal delivery/pickup radius was estimated consistently
with distances characteristic for intermodal transport (EC
1992). The triangulation level refers to the level and qual-
ity of transport organization within the considered truck-
ing company. Very often, a better organization means
higher triangulation level. To increase the triangulation
level, a trucking enterprise can, for example, send an an-
nouncement about truck availability to freight exchange
institutions. Truck and locomotive fuel consumption can

Table 2. Input data for analysis

Parameter Parameter

Parameter .

value unit

LKRc = LKp 120 unit
my, my 0.5, 0.5 -
uys g 35, 800 L
Rmin(B ), Rm(B, ) |50, 150 km
Rmin(E, ), RD(E, ) |50, 150 km

PS}, PS} 2,1 unit

PK!}, PK} 88, 44 unit
qp q"“ 100, 100 %
B> B3 0.7, 0.7 -
0,,0; 0.3, 0.5 -

WSy, WSy, Ws3, Wsy, wss | 1.0, 24.5, 16.0, 17.0, 92.12 amu

v, Z 16.0, 34.0 amu
w;?,g, w;‘f,’g 20.0, 1300 t

be found in the vehicle card provided by the producer.
Utilization of the train loading space should have quite
high value due to expensive rates in rail transportation.
Thus, we assumed this ratio within the range 0.5...1.0.
Hydrocarbon’s stoichiometric coeflicients were arbitrarily
adopted based on literature review (Speight 2011, 2020;
Xu et al. 2014).

Using the EMIS method, a simulation test has been
arranged. For the inserted parameters, it was possible to
estimate the amount of CO, emitted into the atmosphere.
In addition, structural parameters were also determined
based on (Equations (23)-(26)). Making it possible to cal-
culate the CO, amount for the optional distance of rail
transport. Thus, linear functions of CO, emissions take
the following form:

i =463-12 | +27398,
as well as:
- k
yhw =113.8:12 ; +20671.

Based on these calculations, it is evident that in terms
of CO, emission, a minimal efficiency limit of intermodal
transport in relation to road transport is equal to around
93 km. Results of simulation have been posted in Table 3.

Figure 4 shows the total weight of CO, emitted into
the atmosphere as a function of rail distance between ter-
minals and average CO, emission (calculated as g CO,/
g-t-km) in the road and intermodal transport.

In terms of CO, emission, when the limit of 93 km is
being transcended, combined transport becomes more fa-
vourable for the environment, than road transport. In the
case of intermodal transport, when the distance reaches
1200 km, the CO, emission is lower by 74273 kg. This
means that total emission is lower by 47.2% compared to
road transport. On the other hand, the average CO, emis-
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sion coming from combined transport is lower by 24.3
g CO,/g-t-km, which comprises an even lower emission
of 52.6% over road transport. More detailed dependencies
have been shown in Figure 5. The charts demonstrate the
difference in the total CO, emission and the difference in
the average CO, emission counted per g CO,/g-t-km as a
function of distance.

Based on the provided analysis, it can be said to some
extent, that the difference of CO, emission is more advan-
tageous for road transport than for combined transport.
Specifically, the CO, emission is lower by 12.7% for com-
bined transport over road transport (Figure 5).

In further consideration, only triangulation level im-
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pact on carbon emission was tested. Other parameters re-
mained the same as in Table 2. Results of CO, emission
for intermodal and road transport in relation to triangula-
tion level, are shown in Table 4.

The charts show regression of CO, emission, along
with an increment of triangulation value for intermodal
transport and road transport (Figure 6).

The last step was determining a carbon emission in
relation to changeable value of the utilization of the train
loading space and constant triangulation level B,, = 0.75
for intermodal transport (Table 5).

Dependencies resulting from the Table 4, are presented
in Figure 7.

Table 3. Results of simulation

Rail distance Total fuel consumption [L] Total CO, amount [kg CO,]
Variant No K
(km] combined road combined road
1 50 11203 14820 29713 26361
2 100 12060 15887 32028 32051
3 200 13919 16976 36658 43431
4 400 17346 20240 45918 66191
5 800 24269 39881 64438 111711
6 1200 31386 62101 82958 157231
180000 50
160000 — 45 —a———a
2 140000 |~ combined|transport | / - _
2 —m— road transport 5 40
£ 120000 - » o
£ 535
£ 100000 =
o = 30
§ 80000 E .
S 60000 g \\
2 ~
2 40000 g2
<E ‘ 15 combined transport
20000 ‘ ‘ ‘ road transport
0 ‘ 10 -

50 100 200 ‘ 400 800 1200

Distace [km]

50 ‘ 100 200 400 ‘ 800
Distace [km]

1200

Figure 4. Total CO, emission as a function of rail distance and an average CO, emission in the road and intermodal transport

30000 74273 o
— 70000
2 42.3% 0 =
2 60000 =
2 47.2% 40 &
g 30.6% ’ 03
2 50000 ! &
£ 47273 30 E
S, 40000 S
Q 20 O
O 30000 z
= 10 s
320000 e
§ 0 &
5 10000 2
= ~12.7% =
a 0 -10
2
~10000 —=3352 3 =20
50 100 200 400 800 1200
Distace [km]

—@— (difference in average CO, emissions (combined/road transport) [kg]

—8— difference in average CO, emissions (combined/road transport) [%]

5o w4 T T 52:6% | 60 _
- X
s =
X4 50 Z
- =}
§ 46 40 E
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Figure 5. Differences in the CO, emission
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Table 4. Carbon emission in relation to triangulation value

Variant | Distance Total CO, amount [kg CO,)]
No tkm] B, =0 | Byy=025 | Byy=05|B1=075|Byp=1]0,,=0]0,,=025|0,,,=05|0,,=075]6,,=1

1 50 47064 41439 36800 31177 25965 63067 51586 37249 25750 13425
2 100 51156 46461 41186 36231 30182 62076 53402 40628 31127 19131
3 200 61174 55450 50371 44768 39383 70986 61126 54 030 43063 32543
4 400 78279 74090 68461 62973 57825 | 135155 118650 102626 83212 67011
5 800 97536 93002 86889 81551 76709 | 199043 170477 147256 122672 98561
6 1200 47064 41439 36800 31177 2965 63067 51586 37249 25750 13425

_ CO, emission - intermodal mode _ CO, emission - road mode

&' 120000 S 250000

O O

£ 1000000 ———g £ 2000000

£ 50000 N T £ 150000 00—

o ] ——0—

& 60000 % 100000 —0

S 40000 8 s0000 ¥ ———@

£ 20000 ;2 0 !

& 0 0.2 0.4 0.6 0.8 1.0 0 02 0.4 0.6 0.8 1.0

Triangulation rate Triangulation rate
-0- 100 200 400 800 1200 -0- 100 200 400 800 1200

Figure 6. Regression of CO, emission

Table 5. Carbon emission in relation to changeable train
utilization and constant triangulation level

Variant | Distance Total CO, amount [kg CO,]
No el o 05 [ qroi=075 | qpoi=1
1 50 47064 31177 25965
2 100 51156 36231 30182
3 200 61174 44768 39383
4 400 78279 62973 57825
5 800 97536 81551 76709
6 1200 47064 31177 25965

CO, emission - intermodal mode

30000

0 200 400 600 800 1000 1200

130000
110000
90000
70000
50000

rai

rai
q, =075 q, =1

Figure 7. Increment of carbon emission in relation
to train utilization

4. Discussion of results and conclusions

Based on the EMIS method, an innovative attitude to the
analysis of CO, emission has been presented. The EMIS
method is related to the theory of organic fuel combustion
with oxygen. The chemical formula of hydrocarbon fuel,
whose consistency is similar to diesel fuel, was used in
order to calculate the CO, emission.

in relation to triangulation value

When the considered criteria is CO, emission, this re-
search showed how to compare two transport container
organizational solutions, in terms of their impact on the
natural habitat. The given method allows the possibility
to prepare a model of a linear regression function, which
can be useful to analyse CO, emission levels as a function
of transport distance. The model revealed that a distance
of 93 km was a lower limit where emission from the road
transport exceeds emission from intermodal transport.
It turned out that emission calculated as g CO,/g-t-km
decreases as rail distance increases. In the road branch,
the value of indicator p!9* is much higher. It also has a
relatively constant value. Meaning that a distance does not
have an effect on CO, emission level. In reference to in-
termodal transport, the average CO, emission is between
22...43 g CO,/g-t-km. In the case of the road transport —
44...47.5 g CO,/g-t-km, where characteristics are almost
regular.

A very well known fact is that intermodal transport
with rail mode usage is not economic on short-distances.
It also turns out, that intermodal transport is not effec-
tive on short-distances in terms of the ecology aspect, and
plays an increasing key role in the green supply chain.
Accordingly, in Figure 6 we can see, that along with an
increment of triangulation value, carbon emission has re-
gressively declined. For travelled distances in intermodal
mode, when the average triangulation value was equal to
zero, average CO, emission fluctuated around 47...100 t.
When triangulation level reached a value equal to 0.5
then it was between 41...86 t and when it amounted to
1 - only 30...76 t. On the other hand, when only road
transport was considered, carbon emission was, respec-
tively — 70...200, 54...176 and 13...98 t. The most inter-
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esting distance in terms of carbon emission, was 100 km.
In this case, total carbon emission achieved a level of only
13 t. This means, that the process of triangulation is effec-
tive even on short-distances.

The last examined factor was utilization of train load-
ing space. On short-distances, there is no difference
whether utilization of train space is equal to 50, 75 or even
100% because carbon emission is constant and oscillates
around 36...37 t. However, when a distance of 800 km is
reached then carbon emission ranges from 68...88 t of
CO, for train utilization equal to 50, 78 t for 75% and 87 t
for full train utilization. In the case of a distance of 1200
km, this proportion is much higher and is equal, respec-
tively, to 87, 100 and 114 t CO,_

These results comprise a certain warning for transport
organizers. Apart from the financial cost, they should also
consider environmental costs in their transport policy. As
we can see, unutilized space on the intermodal train can
negatively affect our natural habitat. Unfortunately, it is
not always possible to completely fill trains. This may be
influenced by factors, such as: an insufficient number of
containers on the yard resulting from demand fluctua-
tions, cargo weight that cause the limiting pressure surpass
on wagon axle, rail-track class etc.

The level of CO, emission was determined by sto-
chastic locations of the consignors and consignees. On
the other hand, some of the input data variables are pre-
sumed. In this regard, the transport process probably does
not completely imitate the real process taking place in the
real world. The following method has a significant number
of both advantages and disadvantages. Advantages may in-
clude:

»» individual attitude to carbon emission. In contrast
to the EMIS method, many experts use external data
retrieved directly from program simulations;

»» real input parameters and detailed reconstruction of
inland intermodal processes including triangulation
process;

»» results concerning carbon emission coincide with
another experts research (Craig et al. 2013; Heinold,
Meisel 2018);

»» the novelty of this paper is the notion of carbon
emission counted per gram/gross-tone-kilometre.
This approach includes tare of vehicles or transport
measures. Usually, specialists count carbon emission
as gram/tone-kilometre of cargo. From our point of
view, this is not always reliable when measuring car-
bon emission. Indeed, the tare of transport measures
has tremendous impact on carbon emission. As an
example, when two trains of the same constant cargo
weight and same type of locomotive are considered,
but the tare of the first train is larger than the sec-
ond, it is more probable that the first train will emit
more CO,.

Disadvantages of this method may include:

»» lack of consideration of the types of vehicles and

wagons that have significant impact on carbon emis-
sion;
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»» model stability — most parameters are presumed and
constant. Variable parameters could better reflect the
foundation of the presented problem;

»» only diesel propulsion is being taken into account
when a lot of locomotives are electric;

»» most characteristics have linear behaviour, because
the model omits vehicle dynamics - like vehicle
stoppage or velocity. This can cause readers to be
non-objective about the model.

Although the conducted calculations confirmed a the-
sis about the ecological aspect of combined transport. It
is apparent that intermodal transport is a superior option
in comparison to heavy-duty transport. Exceptions exist
where the utilization rate of train capacity is relatively low
or when the delivery/pickup radius from/to an intermodal
terminal is significantly long. The given analysis can also
be used to formulate the general conclusions, which have
an influence on the decision-making process. In addition,
these results highlight effects the transport system may
have on the environment.
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