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Abstract

In recent years, CO2 emissions have increasingly become the focus of science and industry. To achieve the
goal of climate neutrality by 2050, all emitters must reduce their share. This includes the transport sector. To
identify where these emissions in the transport sector originate and to draw conclusions on how to reduce them,
it is necessary to examine the specific source of the emissions. The aim of this paper is to provide an overview
of the different causes of emissions in air passenger transport compared to rail and road transport.

In addition, we examine how the emissions of different modes of transport are determined in the literature to
date and what possibilities there are for determining the emissions from entire transport chains. The focus is on
simulations to determine emissions over the life cycle of the infrastructure and the vehicle.
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1. Introduction

Under the Paris Agreement of 2015, it was decided to limit the global average temperature increase
to below 2°C compared to pre-industrial levels. As a result, technology and science are increasingly
focusing on understanding and reducing climate-relevant emissions. In 2022, the transport sector
emitted approximately 7.97 billion tonnes of CO2, or about 20,6% of global carbon dioxid emissions.

This makes the transport sector the world's second largest emitter after the energy sector. [1] When
broken down by transport mode, road transport accounts for the largest share at 79%. Air and rail
account for 11% and 1% of global transport emissions in 2022. [2] Comparing emissions per
passenger-kilometer from different modes of transport, domestic flights are the biggest emitters. [3]

In addition to the CO2 emitted during vehicle operation, there are other elements of a transport
journey that must be added to the total emissions. Thereby, various factors such as the choice of
engine, the speed at which the vehicle is driven, or the materials used influence emissions.

To understand the interdependencies and to be able to start reducing emissions at the relevant
points, it is necessary to take a holistic view of the transport system on the route. Therefore, the only
way is to consider the whole life cycle of the different components. In the following, the components
relevant to the transport modes are identified, followed by the associated factors influencing
emissions. This is followed by a summary of existing methods for quantifying the emissions of the
components. The focus is on simulative approaches. The results of this work are based on a
literature review and provide an overview of the current state of the art in the field of emission
estimation in the transport sector.
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2. Components and factors influencing carbon emissions

In the holistic consideration of CO2 emissions from transport modes, different elements and
influencing factors can be considered. A life cycle assessment (LCA) includes the emissions caused
by the production, operation, maintenance, and recycling of the elements. [4] Depending on the
consideration and the objective of the analysis, different system boundaries can be drawn. The main
elements and factors influencing CO2 emissions from infrastructure and vehicles are considered
below.

2.1 Infrastructure

On the infrastructure side, the basic requirement is the respective track. In the case of rail transport,
this is the track structures including e. g. rails and sleepers; in the case of road transport, it is the
roads [5] which generate different levels of emissions depending on their length, construction method
and materials used. In addition, both transport modes require their own structures including bridges,
interchanges, tunnels. [5] These differ in material, length, and type. [6] In addition, the control
infrastructure such as electrical equipment, signaling, telecommunications, level crossing signals
and switching systems are required. [7] Further elements are the node infrastructure and additional
buildings. In rail transport, this includes stations and stops as well as control centers and
maintenance sheds. [6, 7] In road transport, this includes parking areas and buildings. Other
buildings such as refueling, and service stations as well as road maintenance facilities are also
required. In the case of buildings, the size, construction, and materials used influence emissions.

There is no physical infrastructure along the route in air transport. The only emissions along the route
are those caused by the telecommunications equipment. At the start and end of the route, however,
there are carbon emissions from airports and airfields as infrastructure nodes. The taxiway system
and the apron are the central elements here, and their emissions vary according to their design,
material, and size. Control infrastructure such as lighting and instrument landing systems are also
necessary for operations as well as air traffic control and apron control. [8]

The production of energy for the operation, construction, maintenance, and recycling of the elements
has an indirect impact. [9] The lifetime and capacity of the infrastructure elements must also be
considered in the per capita consideration.

Other elements may be relevant depending on the route, the vehicle used, the area of application
and the topography. Table 1 gives an overview of the different infrastructure elements and their
impact on CO2 emissions depending on the mode of transport.

Tab. 1: Selection of infrastructure-related factors influencing CO2 emissions [5-9]]

materials, power consumption,
energy source)

restraint systems,
embankment)

electrical equipment,
railway crossing signals,
switching systems)

Component (Influencing factors) Road Rail Air
Track constructions Roads, related Rails, sleepers, related Telecommunications
(Length/ width, construction, equipment (e. g. vehicle equipment (e. g. equipment

Node Infrastructure

(Size, construction, materials,
power consumption, energy
source)

Parking space

Stations, stopping points

Airport terminals,
baggage handling
systems

Constructions (Size, type,
materials, power consumption,
energy source)

Tunnels, bridges,
interchanges

Tunnels, bridges,
interchanges

Taxiway system, apron
areas, related equipment
(e. g. lighting; boarding,
and loading equipment)

Control infrastructure
(Power consumption, energy
source)

Traffic lights, traffic signs

Signal boxes, signaling
systems, switches

Air traffic control, related
installations (e. g. radar,
navigation beacon),
apron control

Additional Buildings

(Size, construction, materials,
power consumption, energy
source)

Petrol stations, service
stations, road
maintenance depots

Operating control points,
maintenance sheds

maintenance sheds,
hangars
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2.2 Vehicle

On the vehicle side, there are other factors that influence CO2 emissions. During the production and
recycling of the vehicle, emissions occur depending on its size, the materials used, the energy source
used in production and the electricity consumption generated in the process.[8] This applies equally
to all modes of transport and vehicles. Considering the capacity and service life of the vehicle, the
emissions generated can be apportioned to the users.

In addition to the distance to be travelled, the following factors are particularly influential for the
operation of the vehicle across all modes of transport [10-16]:

e Aerodynamics (shape and design, drag reduction)

o Weather conditions (temperature, wind, air pressure)

e Operating mass

e |oad factor

¢ Route characteristics (topography, curves, proportion of idling time)
e Propulsion (e. g. energy efficiency, fuel)

e Fuel characteristics (e. g. due to weather or availability)

¢ Maintenance and repair (e. g. maintenance intervals, effort, duration)

For rail-bound transport, the following factors are additionally relevant [11, 12, 17]:
e nonstop journey distance
¢ interior equipment (e. g. heating, ventilation, air-conditioning, lights)

In the operation of road vehicles, the following specific influencing factors [10, 15] can be
mentioned:

¢ Auxiliary units (e. g. air conditioning, electric windows, parking aid)

¢ Driving behavior (e. g. maximum speed, acceleration, type of driving)

¢ Vehicle condition (e. g. timely oil change, checking tyre pressure and using the correct tyre
type)

e Current traffic conditions (e. g. average speed, maximum speed, presence of traffic lights,
congestion index)

In aviation, the additional influencing factors are as follows [8, 13, 14]:
e Cruising altitude
e Approach/ departure routes (e. g. angle of climb)
e Ground movements (e. g. taxiing)

3. Determination of carbon emissions

Based on the influencing factors outlined in Chapter 2, there are several ways to determine the
emissions generated. Often the focus is on individual influencing factors, means, or modes of
transport. Holistic approaches are rare due to their complexity.

To classify the methods used, it is important to first understand what legal requirements and
regulations exist. Existing methods and studies are then analyzed in terms of their methodological
approach and aim.

3.1 Regulations for determining carbon emissions

As an international guideline, the IPCC Guidelines for National Greenhouse Gas Inventories [16]
form the basis for determining carbon emissions worldwide. As a United Nations institution, the
Intergovernmental Panel on Climate Change (IPCC) regularly brings together experts from around
the world to discuss and scientifically assess developments relating to climate change. [18]

The guidelines were published in 2006 and revised in 2019. They are divided into several volumes
3
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covering different areas of application. These include
¢ Volume 1: General Guidance and Reporting,
e Volume 2: Energy,
e Volume 3: Industrial Processes and Product Use,
e Volume 4: Agriculture, Forestry and Other Land Use, and
¢ Volume 5: Waste.

Volumes 1, 2 and 3 are patrticularly relevant to the transport sector. Volume 1 sets out the general
guidelines and methodological approach. This forms the basis for the other volumes. Volume 2
covers emissions from energy use. It provides methodological approaches for calculating emissions
and associated emission factors. Among other things, a distinction is made between stationary
combustion and mobile combustion. For fuel combustion activities, transport is a sub-item, and the
relevant content can be found in the chapters on civil aviation, road transport and railways. Stationary
combustion includes information on emissions from energy use in construction, which includes the
construction of transport infrastructure and vehicles. The mobile combustion chapter presents
approaches to determining carbon emissions from energy use for operating the different types of
vehicles in each of the above modes. In both chapters decision trees are used to determine which
of the given approaches should be chosen for the determination. Data availability in general,
availability of specific national data, specification and verification options as well as level of detail are
considered. Volume 3 deals with carbon emissions from industrial processes such as the
manufacture of goods and use of resources. Approaches and emission factors for different materials
from the mineral, chemical and metal industries are presented.

The international guidelines are implemented within countries through national inventory reports.
These are closely aligned with the IPCC guidelines and are therefore similar in structure (e.g.
National Inventory Report for the German Greenhouse Gas Inventory [19]).

3.2 Methods for determining carbon emissions

Carbon emissions can be determined either analytically or simulatively. In both cases, the above
guidelines can be followed, and the recommended equations and emission factors can be stored.
Each method can offer advantages depending on the question and the component under
consideration. Simulative approaches are mainly divided into system-dynamic, discrete-event and
agent-based modelling. Depending on the application, each approach may have different
advantages. System dynamics is the simulation method with the highest level of abstraction. It uses
stock and flow diagrams and feedback loops to understand causal relationships. System dynamics
is often used for social, economic and strategic issues. Discrete event simulation is used for low to
medium level questions. Here, passive entities move through blocks of flowcharts, where they are
delayed, must wait and are processed according to the capacity of the block. All levels of abstraction
can be covered in agent-based simulation. At the heart of the model are the agents, to which
individual behaviors are assigned and which can interact with each other. [20]

Irrespective of the method of determination, LCA is often chosen as the basis for studies dealing
with the determination of carbon emissions. (see section 2). LCA is used to assess the potential
environmental impact of a product system over its entire life cycle. It is divided into four steps:
definition of the objective and scope, Life Cycle Inventory Analysis (LCI), Life Cycle Impact
Assessment (LCIA) and interpretation of the results. [4] In the context of this study, the quantification
of CO2 emissions in the life cycle is considered. Depending on the objective of the LCA, the above-
mentioned components and their influencing factors can be considered for the transport modes (see
section 2.1 and 2.2).

The idea of combining simulation and LCA has been taken up in the literature for a variety of issues.
The search shows that search terms for the combination of system dynamic models and LCA
generate a significantly higher number of hits than LCA with the other simulation methods. McAvoy
et al. show in their review that the consideration of temporal dynamics and the use of system dynamic
models for LCA has added value. This approach has already been used for several applications,
such as electric vehicles, and shows both qualitative and quantitative results, as cause and effect
are also investigated. [21] Yu et al. also show that the inclusion of system dynamics, time scale and

4
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system interaction mechanisms can improve LCA, while LCA extends the scope of system dynamics
modelling, thus exploiting the complementary advantages of both approaches. [22] Davis et al. have
integrated a simplified LCA into an agent-based model that provides environmental information about
an energy infrastructure system. [23]

There are already several studies in the literature, which differ in terms of methodology and scope.
Various studies for entire modes of transport, individual vehicles or infrastructures are analyzed and
briefly summarized below. In line with the previous structure of the study, a distinction is again made
between infrastructure and vehicle.

Infrastructure

In the field of methods for determining infrastructure carbon emissions, there are many studies that
approach the problem analytically. For road transport, these include the study by Keijzer et al. [24].
This study examines the carbon emissions of different materials and techniques used in the
construction and maintenance of road infrastructure in the Netherlands. Han et al. carry out a similar
study based on four different scenarios with a calculation model for China. [25] Miliutenko is also
investigating the life cycle impacts of road infrastructure, using a road tunnel and asphalt recycling
as examples. [26] Miller et al. also showed the importance of infrastructure-related emissions in
their study. [27] This is also confirmed by Fridel et al. in the context of an analysis, but of freight
transport for all modes. They carry out an LCA and use existing data for their analytical study. [28]
For example, Saxe et al. carried out a study for the railways. They take into account emissions from
construction, operation and maintenance. [29] In a literature review, Pritchard and Preston examine
the influence of tunnels on infrastructure emissions and vehicle operation. [30] Kaewunruen et al.
also confirm that rail infrastructure is a major source of emissions. In particular, compared to other
modes of transport, the share of emissions caused by infrastructure is higher. [31] In the field of
aviation, Nagendra shows that the consideration of infrastructure is also a relevant issue for airport
operations. The aim of the study is to evaluate the determination of an international airport's
emissions inventory and the level of carbon emissions from these sources, and to define
measurement requirements. [32] Xiong et al. also looked at emissions from airport operations and
concluded that they have a significant impact. [33] Postorino et al. have developed a model that
identifies the contribution of different emission sources in airport operations and classifies their share
of total emissions. [34] Cui et al. develop a methodology to measure the environmental performance
of Chinese airlines by using neural networks to analyze the impact of various airport infrastructure
features on environmental performance. The focus is on the reduction of carbon emissions. [35] In
2013, the German Federal Environment Agency also published a study [8] on the use of material
flow analysis to determine the greenhouse gas emissions caused by the construction, maintenance
and operation of infrastructure as well as the manufacture and maintenance of vehicles for road, ralil,
air and inland waterway transport.

Recent simulation studies that consider the transport infrastructure as a whole and not just the
materials used, or individual components are rarely the focus of scientific research. Infrastructure
operation is partially considered, but construction and recycling are largely neglected. These may
need to be combined through separate studies of buildings [36] and infrastructure materials [37].
Oumer et al. have developed an energy efficiency model based on discrete event simulation to
reduce CO2 emissions in vehicle assembly plants. [38] In addition to its relevance to vehicle design,
this provides an opportunity to quantify the energy consumption of infrastructure. A study by Hu et
al. looks at emissions from the construction of railway infrastructure. A literature review is used to
identify relevant emission factors, expert interviews are used to derive limits, and a model is
developed for the production phase of construction materials, the transport phase of construction
materials, and the construction phase of railway infrastructure. [39] Gonzalez et al. show that the
use of discrete event simulation offers advantages regarding the operation of road infrastructure and,
in particular, road construction operations. In order not to consider the frequently changing
influencing factors exclusively statically, a simulation study is carried out here for the consideration
of fugitive emissions and exhaust gases caused by production and traffic conditions. [40]
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Vehicle

For vehicle emissions, several LCA studies exist. Many of the studies take an analytical approach,
e. g. in the aviation sector by Montlaur [41]. In addition, there are many studies, such as [42—-46],
which allow conclusions to be drawn about the resulting carbon emissions by modelling interventions
in traffic flow, transport demand or modal split. Other existing studies primarily use methods for
individual transport modes on specific routes or for the total transport performance of a specific
region, e. g. [47] by Guo et al. with determining carbon emissions fur the Chinese passenger vehicle
sector with an system dynamics approach.

In this study, however, we focus on the studies that concentrate on the determination of emissions
using simulation approaches. Simulative studies that deal with the emissions of vehicles over their
life cycle are summarised in Tab. 2. Although simulation studies dealing with the carbon emissions
of vehicles and focusing on the life cycle of the vehicle are more common than the same studies for
infrastructure, simulation studies are less frequently used than analytical studies for vehicle.

Tab. 2: Selection of simulative studies to determine the carbon emissions of vehicles

Author Rahn et al. Kickhéfer et al. Nalbur et al. Onat et al.
Year 2022 2018 2024 2016
Reference [48] [49] [50] [51]
Transport mode Air Air Road Road
Vehicle Airbus A320 Aircraft fleet Electric buses Electric Vehicles
Method Discrete Event System Dynamics System Dynamics, System Dynamics
Simulation Discrete Event
Simulation
Aim Carbon emission the extent to which Impact of green Quantitative
while life cycle alternative fuels can logistics activities assessment of
contribute to the sustainability over
reduction targets the entire life cycle

These studies show that modelling can be used as an approach to LCA. Discrete event simulation
can add value, particularly in relation to vehicle maintenance cycles. System dynamic modelling
offers advantages due to the possibility to analyze and map complex interdependencies, especially
for overall transport issues. However, they can also be used for LCA of vehicles.

Additionally, System dynamic simulation is already used in the field of freight transport, for example
in the studies of Cao et al. [52] and Huang et al. [53]. Cao et al. simulate the reduction of carbon
emissions in green electric-coal supply chains. Huang et al. deals with the reduction of carbon
emissions in freight transport on road and rail in general. For entire passenger transport chains, the
literature review showed that there are no simulative studies on the life cycle and the resulting carbon
emissions.

4. Conclusion and Outlook

The first part of the study identifies the various factors influencing carbon emissions over the life
cycle of infrastructure and vehicles. It shows that these are multi-layered and that a very important
issue in integrating the elements into carbon assessment methodologies is the definition of an
appropriate model boundary. The choice of model boundary is a critical factor in the comparability
of these studies, especially if traffic volumes in different studies are to be compared.

The literature review also shows that there are several analytical and simulative studies on the
carbon emissions of infrastructure elements and vehicles. The number of analytical models clearly
exceeds the number of simulative models. This is partly due to the cost and complexity of such
models. At the same time, as noted above, simulation can offer many advantages in terms of
identifying causal relationships, integrating variables that change over time, and combining
qualitative and quantitative results. In simulation studies, the focus of the simulation within the studies
is usually on describing the environment or its change, and is less often used to calculate carbon
emissions per se. However, some models show that this is possible and has advantages.
6
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Surprisingly, there are very few LCA studies of infrastructure that take a holistic view of a mode of
transport over its entire life cycle, as this would make sense due to the possibility of changing the
variables over time.

Furthermore, there are only few studies that combine simulation methods and use a multi-method
simulation approach, although this is a possible and promising approach. [20]

In the future, based on existing studies, it may be possible to monitor the lifecycles of entire transport
systems and assess their environmental impact at a macroscopic level by using a multi-method
simulation approach.
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