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EXECUTIVE SUMMARY

Environmental concerns have increased within the last decades. Supply
chain activities have contributed to these global environmental problems.
Namely, the production, transport, storage and consumption of goods have
caused harm to the environment. Companies are therefore pushed to re-
think their existing supply chain (SC) to contribute to the environmental
challenges. Companies have to balance business performance measures with
environmental performance measures. This issue is part of the green supply
chain management (GSCM) field, which deals with supply chain manage-
ment, where environmental considerations are taken into account [Sarkis
et al., 2011]. One of the main environmental considerations within GSCM of
companies is decreasing the supply chain’s emissions. From the literature
review, a knowledge gap is identified where further research should focus
on the impact of specifically supply chain design/coordination (SCD/C) de-
cisions on emissions in global supply chains [Chelly et al., 2019]. These
decisions include routing decisions, transport mode selection and facility
location, to name a few. The consumer goods industry is an industry lack-
ing such research [Ansari and Kant, 2017]. Next to emissions, the business
performance criteria costs and transport times are included in the research
question. Therefore, the main research question is: what impact do supply
chain design and coordination (SCD/C) decisions in a global supply chain have on
the supply chain’s emissions, costs and transport times?

This question is answered by building a quantitative emission model of a
part of the supply chain of L, a company that creates loyalty programmes
for international retailers. In this way, a case-study methodology is applied
in this research. The designed model is applied to the supply chain of L,
but the model can also be applied to a different supply chain. Therefore
the model can be seen as a tool that a company can use to understand the
impact of SCD/C decisions on emissions, costs and time. After first defin-
ing a theoretical conceptual model and a case-specific conceptual model, the
scope of the research was set up. Figure 0.1 shows a high-level visualisation
of the emissions and criteria (green) included in the model and the parame-
ters (blue) and variables (white) that influence these criteria. Based on this
diagram, the model is created in the tool Excel.
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Figure 0.1: Model structure

The model input is based on the selected case of L, a specific loyalty pro-
gram for a client of L. The inbounds of the selected case originate from
China, France and Portugal. Therefore, there are three flows in the model,
called the CHN, FR and PRT flows. Once the model was built, the model
was verified through a scenario analysis of the case study, in which alter-
native scenarios were set up and tested. Next to this, a sensitivity analysis
was conducted. Both analyses showed that the model behaved as expected.
Regarding the validation of the model, a validation meeting was set up to
validate the model with the case experts.

Once the emission model was verified and validated, the decision impact
analysis could be performed. The model’s main function is to calculate the
emissions, costs, and times based on the input given. The main dials of the
model, which also represent the types of decisions to be made and therefore
the different options per type of decision, are the transport mode, the fu-



el/engine type and the vehicle type, see Figure 0.2. These three main dials
represent the three SCD/C taken into account in this research as those deci-
sions were most relevant to the case study. For each transport leg, the model
user has to enter a.o. the weight per container, number of containers, origin
and destination and the model’s "dials’, namely modality type, vehicle type
and fuel/engine type. Appendix B shows all options within the dials, each
table namely represents a transport mode (dial 1), and within each table, all
the options for vehicle types (dial 2) and fuel/engine types (dial 3) can be
found. Once this information is entered, all emissions, costs and times are
calculated. Because of these functions of the model, a clear overview of re-
sults can be gathered as the output changes when a different input is given
(when one of the dials has turned).

1.Transport o
mode Emissions
2. Vehicle/ -
vessel type Emission model > Costs
3. Fuel/engine/ o
technigue type Transit times

Figure 0.2: Model dials

By performing the decision impact analysis, the following findings were
made. The three types of decisions that were most relevant for the case were
analysed; these are mode selection decisions, fuel/energy/engine type de-
cisions and vehicle type decisions. Table 0.1 shows a short overview of the
results from the decision impact analysis. It shows the ranges in which the
impact percentages vary for that particular type of decision in that particu-
lar flow. So, for the first row, the percentages for the impact on emissions
vary between 9-16330%. This means that in some alternative mode options
for the CHN flow, the alternative options impact the emissions between 9-
16330% compared to the base case option, which is a massive impact. When
overlooking this overview of results, it can be concluded that the decision
mode selection impacts all three criteria, emissions, cost and time. The fuel
type and vehicle type decisions have no impact on the criteria time. Sec-
ondly, it can be concluded that the most crucial decision from this specific
case analysis is the mode selection decision. Not only because it impacts all
three criteria but also because the emission range, especially in the analysis
for the CHN flow, is extensive. On the other hand, it must also be stated
that the other two decisions also make an undeniable impact on emissions
and cost and must therefore not be neglected but should, on the contrary,
also be taken into account. Fuel type selection can make the biggest positive
impact on emissions from these two decision types, looking at the smallest
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percentages. At the same time, the changes in costs for road and maritime
transport are not that big. This indicates a feasible outcome; fewer emissions
with minimum extra cost. Finally, it can be concluded that all three decision
types have an impact and therefore matter and that it is recommended for
the case to take all three types of decisions into account. Mode selection
is the decision type that is most commonly considered within companies.
However, if companies influenced carriers to select a specific fuel or vehicle
type, the transportation sector as a whole would be activated to change to us-
ing more sustainable fuel or vehicle options. Imagine what positive change
this would bring to the transportation sector if companies start imposing
fuel/vehicle requirements on carriers. This would bring more incentives to
the transportation sector to act more sustainably and offer more sustainable
transportation options.

Table 0.1: Results overview table - impact ranges per SCD/C decision type

Emissions Cost Time

Mode selection CHN flow 0-16330%  985-3541% 10-39%

Mode selection FR flow 56-247% 57-94% 300-303%
Mode selection PRT flow 13-303% 14-58% 326-400%
Fuel/engine type selection FR flow (road) 49-294% 93-110% no impact
Fuel/engine type selection CHN flow (maritime) 2-196% 91-102% no impact
Fuel/engine type selection CHN flor (air) 12-146% 163% no impact
Vehicle type selection FR flow (road) 75-100% 80% no impact
Vehicle type selection (inland waterway) 71-254% 177-254%  no impact

Regarding the added value of the model, the following can be concluded.
As the mode selection decision is already commonly considered in compa-
nies, decision-makers are already familiar with especially the cost and time
differences of the different modalities. Nevertheless, from the case study,
it appeared that this knowledge is not present concerning the cost differ-
ences of the different fuel and vehicle types. This leads to the first added
value point of the model, the added value of getting insight into the cost
differences when using different fuel/engine types or vehicle types in trans-
porting goods. The second added value point is that it first appeared from
the case study that knowledge was only present on a general level concern-
ing emissions. The value of the emission model is that it contributes to
a much more accurate view of the impact on emissions among decision-
makers. Because of this accurate overview, the model outcomes can func-
tion as a handle for the decision-makers to see the impact of their decisions.
The model can compare different possibilities for transporting goods; it can
compare different modalities, vehicle types per modality and fuel/engine
types per modality and express its impact on emissions, costs and time. As
a result, the model can identify not only sustainability measures but also
business measures. Consequently, the impact (positive/negative) of certain
decisions within the supply chain on emissions, costs, and time can be made
clear at a glance. If the company starts using this model, conscious choices
may be made more often if the business measures allow it. The model also
provides a handle for communication about different options (in terms of
modalities, type of fuels and type of vehicles) within different company de-
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partments. The model and the results provide a tool for making decisions
and an overview in a table of this impact, which can be communicated to
relevant departments. As a result, it can make stakeholders more aware of
their impact when making a certain decision.

Specifically for this case study, it is recommended to consider the out-
comes regarding the impact of the different analysed decisions when decid-
ing upon transport of the goods. For this case, the outcomes are interpreted
in detail in Chapter 7. Within the boundaries of cost and time, the most
sustainable decisions should be made to contribute to society positively. The
outcomes can function as a handle to making these decisions. Therefore it
is recommended to use them in general when deciding upon the transport
for this specific program. If it appears imposing certain fuel types or vehi-
cle types as a requirement at carriers seems difficult, then first focus on the
mode selection decision. This decision appeared to be most crucial when
it comes to impact on emissions, cost and time. Besides this, it is recom-
mended to apply this model to every program. This research shows massive
impact can be made on emissions, cost and time. When the model becomes
part of the business process of deciding upon transportation of goods for
every program, the impact on emissions can be big. In this way, a big con-
tribution to society can be made by making sustainable decisions within the
business boundaries. If all companies started doing this, a big movement in
the whole sector could be started.

Regarding recommendations for the transportation sector in general, it is
recommended for decision-makers within companies to generate knowledge
about the impact of decisions they make. The knowledge of costs and time
is already embedded in their business way of thinking. However, knowl-
edge of emissions and the impact of decisions on them is important to be
updated. However, decision-makers alone cannot improve the freight trans-
port market. It requires cooperation in the whole sector. The study showed
that some fuels positively impact emissions, for example, bio-kerosene, but
sometimes these fuels can be costly. This makes it impossible for companies
and vehicle owners to use these fuels. The whole sector needs to think about
solutions to bring these costs down. Policymakers, fuel producers, vehicle
owners, companies and researchers must work together to bring about this
change.

Finally, several recommendations for further research include the inves-
tigation of the quality of certain input parameters. This applies to data
concerning fuel costs, vehicle costs, average speed per transport mode and
assumptions regarding transhipment emissions. It is also recommended to
apply the model for other SCD/C decisions, such as routing and facility lo-
cation decisions. Furthermore, the model itself could be made more user-
friendly, the improvements to be made can be found in Section 6.2.2. It is
also recommended when the model is put into use by companies to initiate
a continuous improvement of the input portfolio concerning vehicle types
and fuel types as the freight transport sector continues to develop. The in-
put parameters concerning the emission rates should be updated annually,
using the most recent data.
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1 INTRODUCTION

This chapter first describes the problem at hand in this study. This is fol-
lowed by an outline of the main findings regarding identifying knowledge
gaps, followed by the main research question and the sub-questions. This is
followed by a brief description of the research approach, method and strat-
egy. Finally, the relevance of the problem concerning society, science and the
Complex Systems Engineering and Management (CoSEM) master’s degree is
given in this chapter.

1.1 PROBLEM

Environmental concerns have increased in recent decades. An increase in in-
dustrialisation, population and therefore supply chain activities have led to
increased greenhouse gas (GHG) emissions, contributing to climate change
and global warming [IPCC, 2014]. This means that supply chain activi-
ties, the production, transportation, storage and consumption of goods, con-
tribute to these global environmental problems. Companies are therefore
pushed to rethink their existing SC to make an effort to overcome the en-
vironmental challenges. In adapting their existing SC, companies need to
balance business performance and environmental performance measures. A
problem for companies is how to address strategic decisions and operations
while balancing the aforementioned performance measures [Chelly et al,,
2019].

This issue is part of the GSCM field that deals with SC management, where
environmental considerations are considered [Sarkis et al., 2011]. One of
the main environmental considerations within corporate GSCM is to reduce
emissions. This is the primary focus of low-carbon supply chain manage-
ment (LCSCM), which is concerned with rethinking SC’s and implementing
green practices to reduce carbon emissions. The goal of LCSCM is to reduce
carbon emissions from SC activities without compromising the overall eco-
nomic interest of the company [Das and Jharkharia, 2018].

1.2 KNOWLEDGE GAP AND RESEARCH QUESTIONS

The literature shows that there is consensus on the importance of GSCM and
LCSCM. Although much research has already been done within this domain,
there are still several knowledge gaps to be filled. The full literature review
will be provided in Chapter 2, but the main findings regarding the knowl-
edge gaps will be presented here.
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In a literature review, an analysis was conducted based on categorising the
type of supply chain decisions; SCD/C decisions, technological innovation (T1)
decisions and operational management (OM) decisions [Chelly et al., 2019].
Briefly, the first type of decisions, SCD/C decisions, includes transport mode
selection, location of facilities and supplier selection. The second type, TI de-
cisions, include technology investments and outsourcing. The third type of
decisions, OM decisions, includes transportation planning, production plan-
ning and inventory planning.

The literature review by Chelly et al. [2019] identified a gap in research
regarding SCD/C decisions in particular within LCSCM. In addition to this
knowledge gap, another gap is present concerning modelling global SCs, as
more research can be done specifically on global SC, compared to national
SCs. When examining studies conducted within different industries, some
industries were more prevalent than others. Ansari and Kant [2017]’s review
stated that the most prominent industries present in the field of sustainable
supply chain management (SSCM) included the manufacturing, food, electri-
cal and automotive industries. In contrast, the consumer goods industry is
an industry where research on SSCM is lacking compared to the more promi-
nent industries. In terms of the type of emissions, the focus should not only
be on GHG emissions, but it may be useful to also consider other emissions in
the sC [Eskandarpour et al., 2015]. Moreover, the final knowledge gap is that
further research should incorporate uncertainty, this includes uncertainty in
terms of emission rates of different modes, as well as uncertainty in terms
of demand for the goods in the SC.

The main research question that follows from the literature review (Chap-
ter 2) with the thereby identified knowledge gap as mentioned above, and
which is also supported by the literature reviews of Chelly et al. [2019],
Ansari and Kant [2017] and Eskandarpour et al. [2015], reads:

what impact do supply chain design and coordination (SCD/C) decisions in a
global supply chain have on the supply chain’s emissions, costs and transport times?

As described in the problem section above, the difficulty is to find a bal-
ance between business performance and environmental performance mea-
sures while companies are reconsidering their existing SC. Therefore, in this
study, not solely emissions are included as a criterion but also costs and
transport times.

To answer this main research question, several sub-questions are defined
that will help determine the steps to be taken to ultimately reach the main
objective, answering the main research question of the thesis. These sub-
questions are as follows:

1. How are transport-related emissions from global supply chains previ-
ously modelled?

2. What are the causes of emissions within the supply chain of the case
study?

3. Which emissions and criteria should be taken into account in the emis-
sion model?

2
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4. Which parameters and variables influence the criteria in the emission
model?

5. What is the base case scenario of the case study?

6. What do the alternative scenarios entail with regards to the scenario
analysis for verification means?

7. What impact has uncertainty in emission factors?

8. Which sCD/C decisions” impact are relevant to the case to model and
analyse?

1.3 RESEARCH APPROACH, METHOD AND STRATEGY

1.3.1  Suitability of case-study method

In order to answer the main research question, a quantitative research ap-
proach is needed to gain insight into SC emissions, cost and lead times. The
main question of the research asks to conduct research on supply chains.
Since this is a master thesis project and the time frame for completing the
project is several months, it is impossible to conduct research on many differ-
ent supply chains. Therefore, it is chosen to conduct the research on one SC
of one particular company. This makes the research method of a case study
very appropriate. According to Siau and Rossi [2011], a case study can be
used to observe organisations using modelling methods. This is exactly the
role that the case study should play in this research. More specifically, a case
study can be used to observe a company’s SC emissions, cost and lead times
related to the transportation of its products and to observe the impact on
these emissions when it makes changes to its existing SC depending on dif-
ferent SCD/C decisions. However, the research method of a case study also
has its limitations. One limitation of the case study method is the subjec-
tivity of the researchers’ interpretation, due to the use of a rarely randomly
selected case [Siau and Rossi, 2011].

1.3.2 Case selection

The case must meet two main criteria. The first criterion is that the case
study must be located in the consumer goods industry, as this industry was
identified in the knowledge gap as one that scored significantly lower in the
number of research papers present within that industry compared to other
industries in the field of SsCM. The second criterion is that the case must
have a global SC, as this also covers a part of the knowledge gap.

The case that meets the two criteria is to study (a part of) the SC of the
company 'L founders of loyalty’, from now on called L. L provides loyalty
programs for the largest supermarkets on a global level. For these loyalty
programs, they provide the supermarkets with everything needed to execute
these loyalty programs. Thus, L also buys or designs the goods for which the
supermarkets’ customers can save credits and arrange the transport of the

3
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goods. Typical examples of such goods are consumer goods such as kitchen
knives, frying pans and wine glasses. The service they provide results in a
global sC, which is another reason for selecting this case. Since this case ful-
fils both criteria, thus partially filling the gap in knowledge, this case study
will also be of scientific relevance in addition to its relevance to the company
itself. When designing alternatives for the case study, only feasible and re-
alistic alternatives will be designed. This means that cost and time will be
considered two important criteria in the emission model. The exact scope
of the case study, which parts of the supply chain and what type of prod-
ucts, to name a few scope decisions, will be determined further in the study.
The results of this case study will be generalised into recommendations and
findings that are also suitable for SC’s of other companies.

1.3.3 Research strategy

The following strategy is applied in the study. Firstly, with the results of
the first two sub-questions, a conceptual model can be built that represents
a conceptual visualisation of all SC processes that cause emissions in a SC in
general. This general conceptual model will be based on the literature. In
this way, the theoretical aspect of the emissions occurring in SC’s will be clar-
ified. Afterwards, this conceptual model is specified for the SC of the case
study. This can be done through a desk study of company documents and
interviews. Based on the conceptual model of the case study, the emission
model can be created in the Excel tool (sub-questions 3,4,5). Finally, a sensi-
tivity analysis can be carried out (sub-questions 6 and 7). Chapter 3 explains
the research method and the data collection methods in more detail.

1.4 SOCIETAL RELEVANCE

LCSCM research helps companies to make the right strategic decisions while
reducing their emissions. When companies succeed in adapting their exist-
ing SC to take into account environmental considerations, in particular the
reduction of emissions, those actions will contribute to a better environment.
This immediately outlines the societal contribution of research in the field
of LCSCM. The eventual reduction of emissions due to companies rethinking
sC’s will contribute to solving environmental problems.

1.5 SCIENTIFIC RELEVANCE

Besides societal relevance, this thesis will also be scientifically relevant, as
this research will contribute to the existing literature in the field of GSCM
and LCSCM. More specifically, the main result of the research is to answer
the main research question. This research aims to analyse the impact of
SCD/C decisions on transport-related emissions in a global SC within the
consumer goods industry. In achieving this goal by answering this main
research question, a big contribution will be made to the existing literature

4
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as this question covers several knowledge gaps; the impact of SCD/C deci-
sions on emissions and the study of a global SC within the consumer goods
industry. Moreover, the research will also evaluate the impact of uncertainty
related to emission rates of different transport modes and demand for goods,
where both aspects are also knowledge gaps.

1.6 COSEM RELEVANCE

This topic meets the criteria of a CoSEM student because it addresses com-
plex issues, namely complex issues related to LCSCM. The management of
a SC itself is already a very complex process, and this complexity increases,
even more when multiple objectives are considered in the decision-making
process (e.g. environmental factors in addition to traditional factors such as
time and cost)[Das and Jharkharia, 2018]. In addition, the topic also has a
large social context; the knowledge gained within this thesis could help re-
duce emissions in SC’s of companies, which will contribute to environmental
problems. Moreover, a scientific approach will be used to obtain results and
insights.

A typical CoSEM thesis includes both a design/engineering component and
a technology component. In this study, the design/engineering component
is the emission model, which models the emissions within a (part of) the sC,
with different design alternatives and scenarios. The technology component
investigates in which parts of the SC the most emissions are emitted or which
alternatives positively impact SC performance, both in terms of emissions
and profitability. The exact design/engineering and technology components
of the proposed research will depend on the knowledge gap and the research
question, as these aspects determine the exact scope of this research. This
will be clarified in Chapter 2.

1.7 STRUCTURE

The next chapter, Chapter 2, contains a literature review. In the next chap-
ter, Chapter 3, the research approach, methods and data gathering processes
are provided. The following chapter, Chapter 4, provides the conceptual
model of all SC processes causing emissions in a SC in general, based on
existing theories. Thereafter, the conceptual model will be specified for the
SC of the case study. The design of the emission model, with the criteria
included, data used for input and the model structure and calculations used
are presented in Chapter 5. This is followed by the emission model veri-
fication and validation in Chapter 6. Next, the decision impact analysis is
shown, Chapter 7 and the report ends with the conclusion, discussion, and
recommendations Chapter 8.
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2 LITERATURE REVIEW

This chapter provides an analysis of the literature review. First, the method
of the literature review is explained. This is followed by an analysis of the
literature consisting of an introduction to the core concepts, an analysis of
emissions in supply chains, an overview of the main findings of previous
literature reviews, and an analysis of SCD/C decisions and associated mod-
elling techniques.

2.1 LITERATURE REVIEW METHOD

The review of several articles in the field of emissions in SC or transporta-
tion studies, will form the basis of this literature review and is at the same
time the scope of this literature review. All studies outside the SC or trans-
portation field are left out of scope. A systematic literature review (SLR) is
”a manner of evaluating and interpreting all available and relevant research
on a particular research question, topic or phenomenon”[Kitchenham, 2004].
First, different mixes of the following search terms were used on research
databases Scopus & Web of Science: ‘emissions, transport, supply chain,
green, low-carbon, modelling, sustainable, carbon, pollutants, model, simu-
lation, international, worldwide, global” to name a few. In this way, an im-
pression of the accessible articles was generated by searching with different
mixes of the above-mentioned search terms. In the next section, Section 2.2,
the core concepts and emissions in supply chains in general are analysed on
the basis of articles found with the above-mentioned search terms. In ad-
dition to individual research articles, previous literature searches were also
conducted. After these previous literature reviews have been analysed, a
more specified selection of articles is made for the literature analysis with
regard to the type of SCD/C decision and the modelling technique.

2.2 LITERATURE REVIEW ANALYSIS

2.2.1 Introducing core concepts

To provide the reader with the necessary background knowledge, this liter-
ature analysis will first describe a number of key concepts within the scope
of the literature review.

The term corporate sustainability has many definitions in the literature.
Often, the term is used interchangeably with corporate social responsibil-
ity. Two well-known definitions of sustainability are the triple-bottom-line
of managing social, environmental and economic dimensions in organisa-
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tions [Elkington, 1998] and inter-generational philosophical perspective of
considering the needs of today without compromising the needs of future
generations [Brundtland, 1987]. An important and ongoing concern within
the literature on corporate sustainability is the concern about the specific eco-
nomic consequences, both negative and positive, associated with companies’
sustainability efforts [Sarkis et al., 2011].

Sarkis et al. [2011] have written a literature review on GSCM. This is a very
broad concept that has different definitions in the literature. Since Sarkis
et al. [2011] have written a literature review on the concept, their definition
will be explained. GSCM is defined as the integration of environmental con-
siderations into the inter-organisational practices of supply chain manage-
ment, including reverse logistics [Sarkis et al., 2011]. Organisational theories
seem well suited to investigate and promote research on GSCM. This res-
onates because another way to define GSCM is to describe the concept as
organisational activities carried out to manage the SC system, from material
sources to customer service, in such a way that it is environmentally friendly
[Wang and Sarkis, 2013]. The same definition can be used for the concept of
socially responsible supply chain management socially responsible supply
chain management (SRSCM), namely as organisational activities carried out
to manage the SC system, from material sources to customer service, in such
a way that it is socially responsive. Together, GSCM and SRSCM are considered
components of the wider concept of SSCM.

The concept of SSCM is seen as the arrival of a new era that encompasses
environmental, social and economic performance, as an intersection of three
areas of sustainable development. The concept also has several definitions.
One is that it can be described as “the strategic, transparent integration and
achievement of an organisation’s social, environmental and economic objec-
tives in the systemic coordination of key inter-organisational business pro-
cesses to improve the long-term economic performance of the individual
firm and its SC’s” [Carter and Rogers, 2008].

Besides GSCM and SRSCM, LCSCM is another concept within SSCM. This
concept specifically focuses on implementing green practices and rethinking
SC decisions to reduce carbon emissions. This research field focuses on mak-
ing the right SC decisions while reducing carbon emissions with the aim of
improving their overall economic performance [Wang and Sarkis, 2013].

The concepts described above together form the research field of which
this research is part of. It turns out that there is a lot of overlap within
these different research fields. But one aspect that recurs in all of them
is the triangle between environmental, social and economic performance.
These three aspects must be in balance within organisations that wish to be
sustainable in their various (SC) processes.

2.2.2 Emissions in supply chains

GHG emissions are emissions that drive climate change [WRI and WBCSD,
2011]. These GHG emissions occur at many stages within the SC of compa-
nies. In Chapter 4, the conceptual model specifies where exactly the emis-
sions occur; which activities in the SC cause the emissions. According to
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the GHG protocol and the associated corporate standard [WRI and WBCSD,
2011], GHG emissions for companies are categorised into three scopes for
companies.

e Scope 1 emissions are direct emissions of a company, from its own or
controlled sources

o Scope 2 emissions are indirect emissions of a company from the gener-
ation of purchased energy that is consumed by the company

e Scope 3 emissions are all other indirect emissions that occur in the
value chain of a company

Figure 2.1 provides an overview of the GHG emissions and the activities/-
sources per scope that cause the GHG emissions.
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Figure 2.1: GHG protocol scopes and emissions across the value chain [WRI and
WBCSD, 2011]

In addition to GHG emissions, which are harmful to the climate, air pol-
luting emissions also occur within the SC of companies. These emissions
include nitrogen oxides including NO, NO, and NO;, often these three emis-
sions together are called NOy. In addition, another air polluting emission is
the particular matter PM,,, which is released both from the combustion of
fuels and from the wear and tear of vehicles or equipment. The last includes
sulphur dioxide SO,. These emissions are considered the most harmful emis-
sions in the context of air pollution policy [CE Delft, 2021]. The same applies
to the GHG emissions shown in Figure 2.1, which are considered the most
damaging emissions with regard to climate policy [WRI and WBCSD, 2011,
2013].
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2.2.3 Findings previous literature reviews

Table 2.1 provides an overview of the three literature reviews already in
place. Within the field of LCSCM, Chelly et al. [2019] presents a well cited
literature review, with a focus on quantitative modelling of GSCM with low
carbon issues. This literature review provides a good basis for the literature
review for this master thesis research. Two other literature reviews were
also consulted. Namely, the literature reviews of Ansari and Kant [2017]
and Eskandarpour et al. [2015]. Ansari and Kant [2017] focused on SsCM,
and reviewed methodologies, data analysis techniques, types of industries
considered, key enablers and key barriers to SSCM. The review by Eskan-
darpour et al. [2015] focuses on supply chain network design (SSND), and
assessed mathematical models that include economic, environmental and so-
cial dimensions to determine which criteria are considered in SSND research.

Table 2.1: Previous literature reviews

Focus of review

Papers on sustainable SCND in which they
assess mathematical models to determine

the criteria to be considered in SCND research
Papers on SSCM identifying methods,

data analysis techniques, types of industries

Eskandarpour et al.
(2015)

Ansari and Kant

(2017) and key drivers and barriers
Chelly et al. Papers providing quantitative modelling of GSCM
(2019) with low carbon aspects

Firstly, Chelly et al. [2019] stress the importance of modelling global sup-
ply chains. Different locations of companies apply different carbon policies
and can influence the SSND. These SSND’s have an impact on the carbon foot-
print of the products and also on the total cost of the SC [Chelly et al., 2019].
This same review identified a gap in research related to global studies; they
argue that more global SC’s should be modelled.

The review by Chelly et al. [2019] contains an analysis based on the cat-
egorisation of the type of supply chain decisions; SCD/C decisions, TI deci-
sions and OM decisions. Briefly, the first type of decisions, SCD/C decisions,
includes decisions related to the choice of transport mode, location of facili-
ties and choice of suppliers. The second type, TI decisions, includes technol-
ogy investments and outsourcing. The third type of decisions, OM decisions,
includes decisions related to transportation planning, production planning
and inventory planning. The review by Chelly et al. [2019] identified a gap
in research related to SCD/C decisions within LCSCM. The other types of de-
cisions received more attention within LCSCM research compared to sCD/C
decisions. As this knowledge gap is defined, an emphasis on this category
of decisions may be beneficial. According to Kouvelis et al. [2006], thesCD/C
category includes strategic decisions related to the location of facilities (e.g.
production, storage, distribution), how to handle the capacities of the dif-
ferent facilities, how to design supplier and distribution channels, and how
to organise communication and process between the different parties in the
SC. Managing the carbon emissions associated with these decisions could

9



2.2 LITERATURE REVIEW ANALYSIS |

help companies improve their environmental performance and achieve their
carbon emission reduction target [Chelly et al., 2019]. This reinforces the
importance of conducting more research on the impact of SCD/C decisions
within LCSCM on supply chain emissions. This same review also reinforces
the importance of specifically transport-related emissions, versus inventory-
or production-related emissions. Hoen et al. [2014] also state that transport
emissions have become responsible for a significant proportion of total car-
bon emissions and an even greater proportion of the projected increase in
carbon emissions. This reinforces the critical importance of considering car-
bon emissions from transport when studying LCSCM.

In addition to the findings and gaps described above, several other re-
search directions were identified in the various literature reviews. The re-
view by Ansari and Kant [2017] stated that the most prominent industries
present in the reviewed papers included manufacturing, food, electrical and
automotive industries. To contribute to the literature in this research area,
another industry could be consulted. Research within the consumer goods
industry is lacking in this area, as this industry scored significantly lower
in the amount of research papers present within it compared to other in-
dustries in the field of SSCM. In addition to this potential research direction,
another one was found in previously conducted literature reviews. The re-
view by Eskandarpour et al. [2015] found that the focus of all reviewed
articles included modelling of CO, emissions. However, it may be useful
to consider emissions other than GHG emissions [Eskandarpour et al., 2015].
Moreover, both Chelly et al. [2019] and Eskandarpour et al. [2015] mentioned
that further research needs to include uncertainty in the emission values of
different transport modes and uncertainty in the demand for goods. Incor-
porating these types of uncertainty should also be consulted in this master
thesis research.

In summary, taking into account all the above findings and possible re-
search directions, current literature in the field of LCSCM lacks research on
modelling a global SC within the consumer goods industry. Further research
on modelling this kind of SC should focus on SCD/C decisions and with
regard to emissions it should also focus on emissions other than GHG emis-
sions. Moreover, further research should take into account uncertainty about
the emission values of the different modes and uncertainty about the de-
mand for the goods in the SC.

2.2.4 Type of SCDC decisions and modelling technique

Within the above-mentioned research direction, derived from previous liter-
ature reviews, studies focusing on SCD/C decisions were sought (criterion
1 for article selection). Eventually, 19 important, prominent and recent re-
search articles were analysed based on different points of analysis. Table A.1
provides an overview of these 19 articles. The table also shows the analysis
points. The first includes the type of SCD/C decisions (e.g. choice of transport
mode, choice of facility location, routing decision). Secondly, the modelling
technique is shown in the table (e.g. MINLP, MOLP, MILP, algebraic equa-
tion, input-output model) as a point of analysis.

10
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As mentioned above, transport is a major source of carbon emissions
[Hoen et al.,, 2014]. Therefore, all 19 articles included in this analysis are
transport-related studies (criterion 2 for selecting an article). By reviewing
all articles, it is found that carbon emissions can be reduced through ef-
fective management of routing decision [Validi et al., 2014; Glock and Kim,
2015; Kumar et al., 2016; Suzuki, 2016; Qiu et al., 2017], transport mode selec-
tion [Bauer et al., 2010; Harris et al., 2011; Hoen et al., 2013, 2014], location
selection [Lam et al., 2009; Musavi and Bozorgi-Amiri, 2017], freight size
[Rudi et al., 2016] and logistic outsourcing [Ameknassi et al., 2016; Li et al.,
2017]. Within transport decisions, traditionally only cost and lead time were
considered important criteria. But now, carbon emissions are also included
as an important criterion for deciding on transport modes [Chen and Wang,
2016]. In addition to the transport mode, carbon emissions also depend on
other logistics parameters; load factor, cargo size and more product-specific
characteristics such as weight and volume [Rudi et al., 2016]. All 19 studies
looked at the effectiveness of the particular type of SCD/C decision as found
in Table A.1 (e.g. transport mode selection, facility location selection, routing
decision, freight management), in reducing carbon emissions.

The 19 analysed studies all focus on different SCD/C decisions, all of which
can lead to carbon emission reductions in SC’s. It can also be concluded from
the analysis that the focus on a particular type of SCD/C decision determines
the choice of a particular modelling technique. Some types can be modelled
with several techniques and other types are regularly modelled with the
same technique. The studies that focus on routing decisions all appear to
use a programming modelling technique; either MOLP, MINLP or MILP.
This phenomenon is not surprising as the routing decisions are decisions
where an optimal route needs to be found. MOLP, MINLP and MILP are
all modelling techniques where an optimal solution can be found. For all
other SCD/C decisions, different modelling techniques can be used, as shown
inTable A.1. It is therefore important to decide on the primary focus of the
research with respect to the type of SCD/C decisions and the models purpose
(optimisation or not), and then decide on the modelling technique. This will
be further explained in the next chapter.
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3 RESEARCH METHODOLOGY

The purpose of this chapter is to clarify the research approach and research
methods. Furthermore, the overall research process is presented, and it is
explained in which chapters which sub-research questions are addressed.
Finally, the data collection processes are described.

3.1 RESEARCH APPROACH

This research aims to clarify the impact of so-called SCD/C decisions on emis-
sions, costs, and time. To achieve this goal, a quantitative research approach
is needed, as in this way, emissions, costs and time can be measured, and
the impact can be displayed in numbers. The purpose of the model to be
constructed is to show this impact in numbers, not specifically to optimise
single or multiple criteria. A finding from the previous chapter is that the
purpose of the model determines the modelling technique. In this case, the
purpose is to create a model that shows the impact of SCD/C decisions on
emissions, costs and time in a clear manner. This can be achieved by cre-
ating a model that consists of a system of equations, which are equations
concerning distance, transhipment etc. If done correctly, one can eventually
do an optimisation, but this is not the purpose of the model. Therefore no
programming modelling technique is applied like MILP or MOLP where
optimisation of certain criteria is the purpose.

The main research question corresponds with the above-stated goal. To
answer the main research question, sub-questions will be addressed to even-
tually gather all information needed to achieve the aim of this research.

Figure 3.1 shows the visualisation of the research process. The main re-
search question just mentioned is shown at the top of the diagram. Below
are the steps that need to be taken to explore, conceptualise, develop, test
and apply the model. Under each of these steps in the overall process, all
of the sub-questions that will be answered are listed. This research is struc-
tured so that the steps taken and the sub-questions answered are described
and addressed in chronological order. The next section will elaborate on the
methods used.

12
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"What impact do supply chain design and coordination (SCDVC) decisions in a global supply chain have on the supply chain's emissions, costs and transport times?"

Model exploration

Methods: desk study, literature

study

Chapter 2: Literature review

Sub guestion 1: How
are transport-related
emissions from global
supply chains
previously modelled?

Model conceptualization

Methods: desk study, literature
study, case-exper meetings

Chapter 4: Conceptual model

Sub question 2: What
are the causes of
emissions within the
supply chain of the
case study?

Model design

Methods: desk study, literature
study, case-exper meetings

Sub guestion 3: Which
emissions and criteria
should be taken into
account in the emission
model?

Sub guestion 4: Which
parameters and
variables influence the

Model testing

Methods: scenario analysis,
sensitivity analysis, case-sxpert

validation meeting

Sub question 5: What is
the base case scenario
of the case study?

Sub question &: What
do the alternative
scenario's entail with
regards to the scenario
analysis for verification

Model use

Methods: decision impact

analysis, case-expert mesting

Chapter 5: Emissionmodel design Chapter 6: Verification & Validation Chapter 7: Decision impact analysis

Sub guestion 8: Which
SCDIC decisions'
impact are relevant to
the case to model and
analyse?

criteria in the emission means?
model?
Sub question 7: What
impact has uncertainty
in emission factors?

Figure 3.1: Research process

3.2 RESEARCH METHODS

In this section, the overarching research method, the case study methodol-
ogy, will be explained. In addition, the other research methods, as shown
in Figure 3.1, will also be explained, except the literature study and desk
study, as these methods do not require a specific explanation for this re-
search. These include the case-expert meetings, scenario analysis, sensitivity
analysis and decision impact analysis. Next to this, the analysis method in
this study will be explained, and finally, the data collection methods are also
discussed in this section per sub-question.

3.2.1 Case-study methodology

The main research questions will be answered in this research employing the
case-study methodology. Becker [1970] explains, the case study is usually
conducted to generate general relevant findings beyond the individual case
[Fidel, 1984]. This also applies to this research. The case study is conducted
on the supply chain of company L, but the findings regarding the impact
of SCD/C decisions on emissions, costs, and time apply to supply chains in
general.

This research method is ideally suited to measure the impacts mentioned
in the main research questions. The designed model was applied to the sup-
ply chain of L but can also be applied to a supply chain of another company.
In this sense, the model can also be seen as a tool that a company can use to
understand the impact of SCD/C decisions on emissions, costs and time. By
selecting and applying the model to a specific case, this use can be clearly
demonstrated, and the results can be correctly interpreted. Because the case
study method is applied in this research, the so-called case experts were also
involved. Data was collected from them, and the model was validated, and
the use of the model was analysed. Naturally, the impact of decisions was
also discussed with the case experts.



3.2.2 Case-expert meetings

The case experts were approached at different times. This started with the
conceptual model. After the general conceptual model was drawn based on
the theory, the conceptual model was specified and made concrete for the
case study with the help of the case experts. As a method to achieve this,
conversations were held with the case experts in the company to understand
how the supply chain works. This also made it clear where emissions take
place for this concrete supply chain. Once this concrete conceptual model
had been created, the basis for the emissions model was established.

The case experts were also consulted in collecting data for the emission
model, especially for the so-called transport leg data and product data. To
determine the distances, the locations of all transport legs were needed. To
calculate the cargo weight and the number of containers, logistic data per
box was needed and the planned order quantity and number of containers
per delivery. Emission data and cost and time data were, on the other hand,
gathered from literature.

In addition, a meeting was held with the carrier platform that the com-
pany uses to obtain realistic data to validate the model and hear how some
aspects work in practice. Namely, to what extent can carriers be selected
that exclusively use a certain type of fuel or vehicle. In this way, the meeting
provided practical insights and realistic data that was used to validate the
model.

Finally, the case experts were also consulted to validate the model when it
was running and generating results. A case-experts validation meeting was
set up where several outcomes were discussed, the usefulness of the model
was discussed, and possible additions/simplifications that would make the
model more useful.

3.2.3 Scenario analysis

To perform scenario analysis, scenarios needed to be designed. A distinc-
tion was made between a base case scenario and alternative scenarios. In
this research, where a case-study method is used as the overall method and
where the case concerns the supply chain of L, an even more specific case
was chosen for the scenario analysis. Namely, within the supply chain of
L, a specific loyalty programme, hence for a specific retailer who is a client
of L, is used for the scenario analysis. The purpose of the scenario analysis,
in this case, is to check whether the model covers everything that needs to
be calculated and whether the model obtains the correct output that was
intended. Scenario analysis can also be used to check whether the outcomes
realistically relate to each other. The first goal refers to verification of the
model, and the second to validation. Moreover, the scenario analysis results
are also used for the decision impact analysis of a certain type of decision,
namely mode selection. In Chapter 6, the scenario analysis will be discussed,
and this method will be explained in more detail.
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3.2.4 Sensitivity analysis

A sensitivity analysis is performed to analyse how sensitive certain parame-
ters or variables in the model may be. In sensitivity analysis, these parame-
ters and variables are increased and decreased by 10% at a time to test the
sensitivity on the output of the model. Before carrying out this analysis,
expectations are given as to what the changes will mean for the output to
test whether the model behaves as predicted. This sensitivity analysis is,
therefore, part of the verification process of the model. In addition, the sen-
sitivity analysis is carried out to test the impact of uncertainty in emission
factors, which will answer sub-question number 7. In Chapter 6, the method
of conducting the sensitivity analysis will be explained in more detail.

3.2.5 Decision impact analysis

The decision impact analysis is carried out to analyse the impact of deci-
sions on emissions, costs and time. As the overall method is a case study;,
relevant decisions for the case, the supply chain of company L, were anal-
ysed. This analysis can only take place when all previous steps have been
completed, see Figure 3.1. The verified and validated model can be used to
perform this decision impact analysis. To this end, it was first determined
which types of SCD/C decisions will be analysed, which is also the answer to
sub-question number 8. Next, the analysis was carried out for each type of
decision. As it concerns a quantitative model, the impact will become clear
by comparing different model outcomes. By entering different data, such as
different modes, vehicle types, fuel types and routing or locations of facili-
ties, logically different outputs emerged that can be compared. This method
is applied on the one hand to ultimately answer the main research question,
namely what impact these types of decisions can have on emission costs and
time, but on the other hand also to make the decision-makers aware of this
impact. The model that has been developed functions as a tool to make this
decision impact analysis possible. To this end, the developed model should
capture all outputs of the criteria emissions, costs and time to enable the
analysis to be carried out.

3.2.6  Analysis method

In this research, an interpretive and impressionistic method of analysis was
used. In the interpretative research approach, concrete wholes are the re-
search’s starting point, where the concrete whole is initially analysed. Then
several concrete wholes are compared with each other, according to "t Hart
et al. [2005]. In this research, first, the supply chain of L is analysed, after
which the emission model is created, then generated results of the model
are analysed with a verification and validation step. Finally, the impact of
different SCD/C decisions on emissions, costs and time are compared with
each other by using the emission model, which is therefore in line with what
"t Hart et al. [2005] states. They also state that in interpretative research, one
is interested in the variation within the subject of study, i.e. the variation be-
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tween the different analysed wholes, in this case, the variation between the
impact of different SCD/C decisions on emissions, costs and time. The anal-
ysis of interpretive research is done by explaining the situation encountered
with the help of concepts and categories derived from the research field. In
this way, an attempt is made to arrive at an appropriate, theoretical coverage
for the phenomenon under investigation ['t Hart et al., 2005]. In this study,
the decision impact analysis also attempts to explain the variation found in
this way.

Another characteristic of the interpretative approach is conducting inter-
views, after which the events are interpreted from the point of view of those
involved [t Hart et al., 2005]. In this study, too, meetings were held, not
structured interviews, but more open conversations from which findings
were drawn. The impressionistic way of analysis, next to interpretative anal-
ysis, is also very apparent here, especially in the validation step of the re-
search. This is because, during the validation of the model, the opinions
of the case experts about the model were sought to gain insights into the
usefulness of the emission model for the company. This corresponds with
the focus on subjectivity instead of objectivity in the impressionistic analysis
method. The set-up of the case expert validation meeting that took place
gives room to express opinions. This is because it was not a structured
interview but because the model and certain outcomes were shown. The re-
actions to these were asked concerning how realistic certain outcomes were
(concerning the time of transport, for example), the usefulness of the model
as a whole, the usability of the model in practice and the added value. This
ensures an open approach with plenty of room for the subjectivity of the
case experts. In this way, the case experts did not have to agree, but there
was room for everyone’s opinion.

3.2.7 Data gathering methods

For each of the eight sub-question, the data collection methods are described.

1. How are transport-related emissions of global supply chains previously
modelled?

To answer this sub-question, a desk and literature study and review was
conducted to collect data. Academic literature was searched in the scientific
databases Scopus and Web of Science. The purpose of this literature search
is to determine how emissions are modelled in the past.

2. What are the causes of emissions within the supply chain of the case
study?

To answer this sub-question, a desk and literature study was conducted to
collect data for defining a general conceptual model. For the literature study;,
Scopus and Web of Science were again used as databases. This conceptual
model includes where in general, emissions occur in supply chains. After
this general conceptual model, the model could be specified to the sC of the
case study. For this case-specific conceptual model, data were collected by
asking the case experts about their supply chain process. By consulting the
case experts, the case-specific conceptual model was validated.
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3. Which emissions and criteria should be taken into account in the emis-
sion model? 4. Which parameters and variables influence the criteria in the
emission model?

To answer these sub-questions number 3 and 4, a desk and literature study
was carried out to collect data on which emissions and criteria to include in
the emission model on the one hand and to gain insight on the parameters
and variables that influence the criteria on the other hand. The criteria were
validated by consulting the case experts. For the literature study, Scopus and
Web of Science were used as databases. With this knowledge, the model was
ready to be developed in the tool Excel.

5. What is the base-case scenario of the case study? 6. What do the alter-
native scenarios entail with regards to the scenario analysis for verification
means?

The next step was to verify and validate the emission model. To this means
these sub-questions arise that support the scenario analysis that functions as
part of the verification of the model. For these sub-questions, the case experts
were consulted to collect data and validate and verify the scenarios. When
business data appeared to be unavailable, academic literature was used, or
assumptions were made based on literature. Again, Scopus and Web of
Science were used as databases.

7. What is the impact of uncertainty in terms of emission factors?

This sub-question is part of the sensitivity analysis carried out to deter-
mine the effect of uncertainty of emission factors for different modes, vehi-
cles and fuels of transport used in the model. Therefore, the emission model
needed to be used. The data gathering process of the emission factors took
place by conducting desk and literature research.

8. Which SCD/C decisions” impact are relevant to the case to model and
analyse?

To gather the data needed to answer this sub-question, a case-expert meet-
ing was set up to determine which type of decisions were most relevant to
the case. When this final sub-question is answered, everything is set to carry
out the decision impact analysis.
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4 CONCEPTUAL MODEL

In this chapter a conceptual model is given. First, the type of emissions and
the sources of all SC processes in general are conceptually visualised. Then
this general model is specified for the case study. The question to be an-
swered with the conceptual model is where, in the supply chains, emissions
occur and where can measures therefore intervene?.

4.1 THEORETICAL CONCEPTUAL MODEL

The general conceptualisation is given in Figure 4.1. At the beginning of
the SC, raw materials are produced that need to be processed. During these
processes, emissions are created. These can be from heating, cooling, trans-
port equipment, storage, packaging materials, etc. These raw materials are
usually transported to the production facilities. This transport is generally
done by road or inland waterway. For road transport, a number of aspects
that determine emissions are outlined. For road transport, the emissions per
tonne of cargo depend on the truck load, the distance and the vehicle tech-
nology. As far as vehicle technology is concerned, diesel and petrol trucks
emit direct emissions (thank to wheel (TTW) emissions), but electric trucks
do not emit direct emissions. However, when electric trucks are used, there
are emissions from the electricity production needed to run the trucks (well
to thank (WTT) emissions). The same type of emissions, emissions due to
the production of fuel (WTT emissions), also count for diesel and gasoline
trucks. These two types of emissions are categorised as TTW emissions and
WTT emissions. Emissions that occur during the transport process are both
GHG emissions and air polluting emissions.

Direct production emissions occur during production processes within a
SC of a company, depending on the type of production process. This can be
during heating, cooling, melting, painting, transport of equipment, storage,
packaging of products, etc. After production, transport takes place again.
The first part of the transport process involves pre-haulage. This type of
transport usually takes place again by road or by inland waterway. This
means the same as described above. When the goods from the pre-haulage
transport process arrive at terminals, transshipment takes place. During
transshipment, loading and unloading activities take place that cause emis-
sions. These emissions are determined by the types and sizes of logistics
units handled at the terminal; box sizes (TEU, FEU) or pallet sizes (standard
pallet, half pallet), as well as the weight of the goods (heavy, light). The
specific way the units are moved and stored is important (type of equip-
ment, duration of storage), as well as whether the cargo is refrigerated or
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non-refrigerated. Another aspect is whether the terminal is illuminated or
based on motion sensors that save light and thus electricity.

The transshipment process is followed by the main haulage of the trans-
port. This main haulage can take place by different modes: road, rail, sea
or air. These modes of transport all have different emissions, which can be
subdivided into TTW- and WTT emissions. After the main haulage, trans-
shipment takes place at a transport terminal. The same applies to the end-
haulage; the emissions are similar to those from pre-haulage because road
transport or inland waterway is usually used as the mode of transport.

The transport processes are followed by warehouse activities. As with
the transshipment process, emissions depend on the type of logistics unit,
the weight of the goods, specific characteristics of the equipment used, the
duration of storage, heating/cooling and lighting in the warehouse. From
the warehouse the goods are generally transported to the buyer of the goods
by road or inland waterway. At the buyer’s premises, direct emissions may
occur if the goods require energy for their use. Finally, at the end of the life
cycle of the good, emissions occur during processing at the end of the life
treatment, in the recycling process.

Air polluting emissions:

GHG emissions: 50z, PM,;,
COg, CHy, NzO NO, NOz, NO3
Road / Inland Waterways Road / Rail / Maritime / Air Road / Inland Waterways
TTW emissions = WTT emissions W emissions  WTT emissions W emissions  WTT emissions
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Figure 4.1: Theoretical supply chain emissions

4.2 CASE-SPECIFIC CONCEPTUAL MODEL

For this study, it is important to convert the general conceptual model into
a case-specific conceptual model. An important aspect here is to determine
which parts of the processes are in the hands of the company. In which parts
do they have insight and in which parts can they control or change the way
processes are executed. After discussions with case experts, the following
conceptual model and scope was determined, Figure 4.2.

The core business of L's SC includes ordering consumer products, receiv-
ing these products and shipping them to the customers (the supermarkets).
For this reason, the raw material process and the production process were

Direct emissions
end-of-life
treatment
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too far away from the core business of L. The green line indicates the scope of
the SC to be taken into account when designing and developing the model.
The processes of the SC after the process of origin from transshipment to
transportation to the customer are considered. This scope has been agreed
and validated with the case experts. This scope also seems feasible when
looking at the average duration of a master thesis project. First, the focus will
be on modelling transport-related emissions and then the emissions from the
transshipment and warehouse will be modelled.

It should be noted that the SC of the case study is a fairly simple and
straightforward SC. For this very reason it is extremely suitable to develop
an emission model from scratch based on this supply chain, as it is a manage-
able sC. This does not mean that the emission model would not be suitable
to be applied to more complex supply chains. Also for more complex sup-
ply chains, the emission model can be applied to investigate the impact of
different SCD/C decisions on emissions, costs and time. This is because as
many transport legs and transshipment points can be added as one would
like and it is therefore a general model that can be applied to any SC.

Air polluting emissions:

GHG emissions: 505, PM,,,
COg, CHy, NzO NO, NOg, NOg
Road Road / Rail / Maritime / Air Road / Inland Waterways
TTW emissions =~ WTT emissions TTW emissions = WTT emissions TTW emissions = WTT emissions
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5 EMISSION MODEL DESIGN

Based on the conceptual model, the emission model can be designed and de-
veloped. This chapter first describes the criteria (emissions, costs and travel
time) included in the model. Then the data input is presented; required data
per transport leg, product data, emission data and cost and time data. In
addition, the structure of the model is explained and finally the calculations
used in the model are shown.

5.1  CRITERIA

The criteria included in the model are based on the dual main research ques-
tion. On the one hand, the effect on emissions needs to be measured, and
on the other hand, the effect on costs and travel times needs to be included.
Emissions as a criteria concern sustainability performance, while the other
part of the main research question, costs and travel times, represent busi-
ness performance. Therefore, both emissions and costs and travel times are
included in the model as measurable criteria. This section examines the
criteria in more detail.

5.1.1  Emissions

Type of emissions

Table 5.1 gives an overview of the emissions included in the emissions model.
The last row indicates the effects that the emissions have, which increases the
importance of the emissions to be included in the model. The choice of these
emissions was made based on the relevance of the effect the emissions have,
the suitability for quantitative calculations, the significance of the contribu-
tion of freight transport to these emissions compared to all other effects, and
data availability.

As shown in Table 5.1, the emissions of CO,, CH, and N, O are collectively
referred to as CO, equivalents (CO,e). In Table 5.2, the ratios of CO,, CH,
and N,O are shown in the all-encompassing term CO,e. The number GWP
stands for the global warming potential of 1 kilogram of gas over 100 years
as a factor of 1 kilogram of CO,, whereby the GWP of CO, is standardised to
1. Thus, the numbers in the table represent the ratios of CO,, CH, and N,O
to the term CO,e used in this research. In addition to CO,, CH, and N0,
three more emissions constitute the total of six greenhouse gas emissions.
Hydrofluorcarbons (HFCs), perfluorocarbons (PFCs) and sulphur hexafluo-
ride (SFs) comprise these three other emissions. These three are not included
in the model as these are the products of industrial processes [Schmied et al.,
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2012]. Such emissions are not released during the combustion of oil, gases
or other fuels, which is the case for transport or transshipment.

Table 5.1: Selected emissions

Emission Name Selection reason
CO, Carbon dioxide Main greenhouse gas emission
CO,-equivalents

CO,e Next to CO,, also CH,, N,O Greenhouse gas emissions

SO, Sulphur dioxide Acidification, eco-toxicity, human toxicity

NOy Nitrogen oxide Acidification, eutrophication, eco-toxicity,
human toxicity, summer smog

PM, Particle matter during combustion Human toxicity, summer smog

PMg Particle matter during wear and tear Human toxicity, summer smog

Table 5.2: GWP-factors [[PCC, 2014; Mufioz and Schmidt, 2016]

GHG Global Warming Potential (100 years)

CO, 1
CH, 305
N,O 265

When calculating emissions, a distinction is commonly made between
WTT, TTW and WTW emissions. The difference has already been intro-
duced in Section 4.1, but a brief explanation follows here. The difference is
visualised in Figure 5.1. WTT emissions refer to the indirect emissions from
the extraction, production and transport of fuels and energy. TTW emissions
refer to the direct emissions released during the combustion of fuels or the
energy consumption during the use of the vehicle. WTW emissions are the
total of WTIT and TTW emissions combined. In this research, the total, i.e.
the WTW emissions, are presented when discussing the results of the model.
However, this total is constructed by combining WTT and TTW emissions.
The TTW emissions will be presented separately in the calculations section
of the emission model.

Well to Wheel (WTW)

Thank to Wheel /
Thank to Wake (TTW):
direct emissions, from

fuel/energy
consumption

Well to Thank (WTT):
indirect emissions,
from fuel/energy
production

Figure 5.1: Emissions distinction

Emission calculation methods

There are various methods for calculating these emissions. The fuel method,
the distance method and the expenditure method are three commonly used



5.1 CRITERIA |

methods, all of which are in line with the greenhouse gases protocol [WRI
and WBCSD, 2011]. The fuel method involves determining the amount of
fuel consumed and applying appropriate emission factors to that amount.
The distance-based method involves determining the mass, distance and
mode of transport of each shipment and then applying the appropriate
mass-distance emission factors for the vehicle used. The expenditure-based
method identifies the amount of money spent on each mode of transport
and applies secondary emission factors. To identify the most appropriate
method in each case, the available data should be considered. The fuel-based
method is the most feasible method when it comes to estimating CO,, but
the distance-based method is preferable when it comes to estimating CH,
and N,O. All methods have their advantages and disadvantages, but it is
generally accepted that the fuel-based method is more specific and therefore
always preferable to the other methods. However, as data on fuels is often
not available, the distance-based method is the second best option [WRI and
WBCSD, 2011, 2013; CE Delft, 2021]. The expenditure-based method is only
used as a last resort when data is not available.

Upon deciding which method would be most suitable for this case study, it
became clear that the fuel-based method would not be possible. The reason
is that the company L does not have its own fleet of transport vehicles, but
works with logistics service providers. Hence, it is difficult to obtain their
fuel data as they have no insight into the amount of fuel used specifically for
L’s transport. In contrast, data on distances and product-specific data such
as mass are available within L and therefore the distance-based method is
the most appropriate method for this case study and is applied in the model.

Transshipment emissions

The emissions just discussed occur during the transport of goods or during
the fuel/energy production that is used for the transport of goods. However,
in addition to this, emissions are also generated during the transshipment of
goods. This involves moving goods from one modality to another or storing
them in a warehouse. Activities that cause those transshipment emissions
are diesel or energy consumption by handling equipment, or consumption of
diesel or energy for equipment such as swap body vehicles or forklift trucks.
In multi-modal transport, emissions from loading and unloading can have a
significant impact on total transport emissions. In particular, when compar-
ing two transport alternatives where one requires more transshipment than
the other, it is important to take the transshipment emissions into account.

5.1.2 Cost & Travel time

As this study is a business case, in addition to emissions, costs and travel
times are also included as criteria in the model. The data required to calcu-
late these costs and travel times is explained in the next section, Figure 6.1.2.
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5.2 DATA INPUT

The development of the emission model requires the collection of data. This
chapter describes the types of data needed, where data can be found and
what data will ultimately be used in the model. To structure this chapter, a
distinction is made between transport leg data, product data, emission data
and cost and travel time data. An overview of all input data is shown in
Figure 5.2.

Transport leg data Cost & Time data
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Figure 5.2: Data input overview
5.2.1 Transport leg data

In order to be able to calculate the emissions per transport leg, the following
data is required per transport leg: the distance travelled in km and the total
cargo weight to be transported along that leg in tonnes. The latter data can
be obtained from the total number of containers to be transported over that
transport leg, together with the weighted average cargo weight per container.
All three of these data inputs will be discussed in this section.

Travelled distance

Firstly, data on the distance travelled per transport leg should be obtained.
Since various transport modes are included in the emission model, differ-
ent distance data for each transport mode should be searched for. In order
to automate the emission model as far as possible, data sets per transport
mode are ideally needed to be collected. If, during the data collection pro-
cess, it appears that such data sets do not exist or are not suitable for various
reasons, assumptions are made or data is manually retrieved. The different
modes included in the model are maritime (and short-sea), inland waterway;,
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road, air and rail transport, and all have different distances to cover. For the
air transport mode, the as the bird flies distances can be used. However, for
the other modes it is not possible to use the as the bird flies distances and
therefore datasets have to be found or distances have to be approximated.
After searching for datasets, a choice is made per modality whether a suit-
able dataset is available, whether certain assumptions have to be made, or
whether data has to be manually searched for and entered into the model.
Table 5.3 shows per modality where the distance data is collected and which
assumptions are made when necessary.

Table 5.3: Distance data sources

Modality Distance data sources and assumptions
Great circle distances are used, calculated with the Haversine formula
Air Dataset with longitude and latitude coordinates of all worldwide airports is used from

www.ourairports.com

Specifically searched per inland waterway route on

Inland waterway www.blueroadmap.nl

Specifically searched per inland waterway route on

Maritime

www.ports.com

EU Rhomolo model:
Road Road distances between all EU NUTS-2 regions

If outside EU, specifically searched per road route on Google Maps road distance
Rail Specifically searched per railway route on the operators’ site

If unavailable, road distance is used

In the case of air transport, the great circle distances are used and cal-
culated with the Haversine formula. Section 5.3 presents the formula and
explains the calculation, but the input needed for this formula is described
here. A data set is retrieved that contains the longitude and latitude coor-
dinates of each airport [OurAirports, 2021]. These coordinates are needed
to use the Haversine formula which can subsequently calculate the flight
distance between two airports. In the data set of OurAirports [2021], the lon-
gitude and latitude coordinates can be looked up per airport. The IACTA
code of the airports considered are needed for this task. The IACTA code of
the airports considered must therefore be inserted as data input in the emis-
sion model (e.g. "PEK” for Beijing Airport and “AMS” for Schiphol Airport).

When searching for data sets with distances between inland ports in Eu-
rope, it appeared that such a data set did not exist. Since the routes are
limited to waterways, the distances covered are very specific. It is therefore
not realistic to use, for instance, road distances. Hence, it was decided to
manually retrieve the specific inland navigation distance for each transport
leg with the inland navigation modality. This specific distance can be found
on the website of Bureau Voorlichting Binnenvaart [2021].

The same applies to the maritime distance data set as to the inland water-
ways distances, namely that no useful data set could be retrieved. Similarly,
the decision was made to manually retrieve the specific maritime distance for
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each transport leg with the maritime modality. The data from Ports [2021] is
used.

In the case of road transport, the EU-Rholomo model is used for road
distances within Europe. In a broad sense, Persyn et al. [2019] have cre-
ated a unique data set of inter-regional transport costs for the EU regions at
NUTS-2 level by using the open digitised road network OSM. To calculate
these costs they also calculated the road distances between the EU NUTS-
2 regions; these distances from their data set [EU Science Hub, 2018] are
used in the emissions model. In order to be able to use this data, the start
and end locations of each road mode leg in the emissions model needs to
be converted to the NUTS-2 code. Therefore data sets are retrieved from
European Commission [2020] containing all postcodes of each EU country.
However, in these data sets only the postcodes with corresponding NUTS-3
regions were found instead of NUTS-2 regions. For this reason, all data was
cleaned and the correct NUTS-3 regions were entered for each postcode. The
EU-Rholomo model includes all road distances within the EU. No data set
could be found for road distances outside the EU. Therefore, it was decided
to manually retrieve the road distance in Google maps when the start or end
location of a transport leg is located outside the EU.

Regarding the data collection on rail distances, the same applies as for the
inland waterway shipping and maritime shipping distances, namely that no
feasible data set could be found. For this reason the decision is made to
collect the specific distance data by rail manually for each transport leg with
the rail modality. Initially, data from the railway company’s website is used
as source and when this is missing, an assumption is made to use the road
distance data from Google maps. In this research’s case study, the railway
distance was found at GVT Intermodal Freight Management [2021] and the
assumption is applied as well.

Cargo weight per container

Secondly, in addition to the distance data per transport leg, the cargo weight
per transport leg must be identified. The cargo weight depends on the type
of products being transported. Hence, the product data should be available.
This link is visualised in Figure 5.2 by a dotted line. Once the logistical
data per box, the planned order quantity of products and the number of
containers per delivery are all known, the cargo weight per container can be
computed. The specific calculations are given in section Section 5.3.

Total number of containers

Finally, the total number of containers is also linked to the product data, as is
the cargo weight. Once the delivery planning is known and so is the number
of containers per delivery, the total number of containers can be computed.
The cargo weight per container and the total number of containers combined
generate the total cargo weight per transport leg. The specific calculations
can be found in Section 5.3.
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5.2.2 Product data

To be able to calculate the total cargo weight per transport leg, product data
must be available, as mentioned earlier. The product data is divided into
the logistical data per box in which the products are being transported, the
planned order quantity and the number of containers per delivery.

The logistical data per box should be provided by the suppliers of the
goods; the dimensions of each box, the number of products in each box and
the gross weight per box. The planned order quantity and the number of
containers per delivery are to be found in the delivery planning a company
creates, which is drawn up in consultation with the suppliers.

5.2.3 Emission data

Transport emission data

Based on the transport leg data as described above, the transport perfor-
mance per leg can be computed. This transport performance is expressed
in tonne-kilometres (tkm). This means that the emission data should be ex-
pressed in grams per tonne-kilometre. During the search for emission data, it
became apparent that sufficient data on emission factors per tonne-kilometre
or per kilometre is available. The decision is made to use data from the CE
Delft research institute [CE Delft, 2021]. This institute calculated the emis-
sion factors in the year 2020, which means that the data is based on recent
findings. Moreover, CE Delft provides a comprehensive set of emissions fac-
tors; per transport mode, the emission factors are given for different types
of vehicles and different types of fuel or energy sources. For details on the
CE Delft emission data used in the emission model, see Appendix B. The
data displayed in this appendix shows that road types are also included in
the table. Road type namely has an influence on emissions as well. On
city roads, more emissions are emitted compared to driving on highways
as on highways the speed is more constant versus stopping and starting the
vehicle in cities. In this research the average road type is always used, as
long distances are covered and the research does not consider specifically
city logistics.

Transshipment emission data

Regarding the transshipment emissions, an energy consumption for trans-
shipment of 4.4 kWh/TEU per movement is assumed in the model (TNO).
The following emission factors for mobile equipment were used as input for
the model to calculate the emissions caused by transshipment, see Table 5.4.

Table 5.4: Emissionfactors transshipment [g/kWh] [TNO, 2016]

COz'eq. NOX PMV 802
Diesel 779 3.16 0.17 0.005
Electric 549 0.39 0.02 0.164
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5.2.4 Cost & Time data

In addition to emissions, data on costs and times is needed to include all
three criteria in the emission model.

Cost data per transport mode

For this research, the choice is made to use the cost data from a particu-
lar study conducted by research institute Panteia [Panteia, 2020]. Panteia
carried out this study on behalf of the KiM (Knowledge Institute for Mo-
bility Policy), which is part of the Dutch Ministry of Infrastructure and
Water Management. This study, which examines the cost development of
the five most important freight transport modalities, breaks down the costs
into: fixed costs, variable costs, personnel costs, modality-specific costs and
general operating costs. Panteia’s study contains the variable "total cost per
tonne kilometre” for each transport mode and container type of freight. One
important note is that these costs do not reflect the freight rates. In fact,
freight rates include, in addition to costs, carriers” profit margins and poten-
tial subsidies and taxes [Panteia, 2020]. These profit margins of the carriers
depend on transport supply and demand and therefore it is difficult to find
data on freight rates. For this reason the choice is made to use data on costs
instead of freight rates. The costs do reflect the correct proportions of the
cost differences between the various transport modes, which is exactly what
needs to be known for this emission model. For the modes inland waterway
and road transport different vehicle types were consulted by Panteia, which
results in a different total cost per tonkm for those different vehicle types.
Those differences are taken into account in this study as well. The decision
impact analysis of the vehicle type decision in the next chapter will solely
focus on the modes inland waterway and road transport, as the cost data
for different vehicle types of the modes maritime, railway and air transport
were not included in the Panteia research. If assumptions would have been
made the output would not be comparable. Table 5.5 shows the cost data
included in this model.

Table 5.5: Cost data [Panteia, 2020]

Mode Type of vehicle Total cost per tonkm [€]
Inland waterway Smal container vessels 0.013
Medium container vessels 0.033
Large container vessels 0.023
Road Tractor+trailer 0.115
LZV 0.092
Maritime Container vessel (3000-4999 TEU) 0.0013
Railway Extra long container train 0.017
Air Full-freight 0.18

Fuel cost data per fuel/energy type

For each modality, alternative fuel/energy/engine types have been identi-
fied. The influence of these different fuel types on fuel costs has been in-
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cluded in the model. To this end, assumptions have been made to reflect the
difference in fuel cost of a particular fuel type compared to the base fuel type
of that modality, which is currently the most prevalent type. These assump-
tions are based on collected information regarding costs of alternative fuels.
Appendix C shows the ratios found and sources on which the differences
from the base fuel type of a given modality are based. These ratio’s found
compared to the default fuel type are presented in percentages.

Average speed per transport mode

In order to calculate the total travel time per transport leg, data on the trans-
port time per transport mode must be retrieved. Transport times can be
computed if the transport speeds are known. In order to estimate the total
travel time of a transport leg, it is decided to assume an average speed per
transport mode. The total travel time is not only the ’cruising time’, but
also the time loss which includes the time needed for transshipment, cus-
toms controls, etc. Table 5.6 presents the assumptions regarding the average
speed per mode to compute the total travel time per transport leg. Both the
assumptions before and after a validation step with case-experts are shown,
this validation meeting is discussed in Chapter 6. The latter column rep-
resents the average speeds that are eventually applied in the model since
the output seemed more realistic to the case-experts compared to the first
assumed average speeds.

Table 5.6: Assumed average speed per modality pre- and post model validation

Modality Average speed pre-validation Average speed post-validation
Air 200 km/h 200 km/h

Inland waterway 7,2 km/h 8,5 km/h

Maritime 20 km/h 25 km/h

Road 60 km/h 60 km/h

Rail 50 km/h 35 km/h

5.3 MODEL STRUCTURE AND CALCULATIONS

Figure 0.1 shows a high-level visualisation of the emissions and criteria
(green) included in the model and the parameters (blue) and variables (white)
that influence these criteria. On the basis of this diagram the model is cre-
ated in the tool Excel. The calculations used in the model are presented
below.
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Figure 5.3: Model structure

Per transport leg the total cargo weight and the transport performance

need to be calculated.

tcw = cwc * nc
where:
tcw = total cargo weight [ton]

cwc = cargo weight per container [ton/container]
nc = number of containers [#]

tp =tcw xd

where:

tp = transport performance [tkm]
d = distance [km]

(5.1)

(5.2)
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Once this is known the CO,-eq, SO,, PM;, NOx and PMy, transport emis-
sions can be calculated. For each of these emissions counts the following
equation. The emission factor needs to correspond to the correct modality,
vehicle type and fuel type selected.

te =tpxef (53)
where:

te = transport emissions [g]
ef = emission factor [g/tkm]

Next to emissions, the transit time can be calculated as a criteria based on
the average speed.

d
tt = — (5-4)
where:

tt = transit time [h]
as = average speed [km/h]

The cost can be calculated by the total cost per tkm and by the fuel cost
index from Appendix C. The total cost per tkm and the corresponding de-
fault fuel cost per tkm and fuel cost index need to correspond to the correct
transport mode and vehicle type.

c = (tct —dfc+ (dfcx* fci)) x tp (5.5)
where:

¢ = cost [euro]

tct = total cost per tkm [euro/tkm]
dfc = default fuel cost [euro/tkm]
fci = fuel cost index [%]

To calculate the transshipment emissions, the transshipment energy con-
sumption needs to be known. In this case study goft high cube containers
are taken into account, equal to 2 TEU. Regarding the transshipment emis-
sion factors, both diesel and electric mobile equipment is considered. It is
assumed 80% of the equipment used is diesel and 20% electric.

tec = 4.44 x % * nm (5.6)

where:

tec = transshipment energy consumption [kWh]
nm = number of movements [#]

tshe = tec x tshef (5.7)
where:

tshe = transshipment emissions [g]
tshef = trnasshipment emission factor [g/kWh]
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To calculate the number of m* of forest area needed for CO, compen-
sation in a period of 50 years, the following is assumed: 4.6 tonnes of
CO, /hectare/year is captured in the first 10 years after planting the for-
est area and 9.1 tonnes of CO, /hectare/year is captured in the subsequent
years, leading to the capturing of 410 CO,/hectare in a period of 50 years
[Boosten et al., 2020].

_ COqte + COntshe

2
m* for 110 * 10000 (5.8)
where:
m?for = m? of forest area for CO2 compensation [m?]
CO?te = CO, transport emissions [ton]

CO?tshe = CO, transshipment emissions [ton]
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6 EMISSION MODEL VERIFICATION AND

VALIDATION

Before the emission model can be used, it has to be verified and validated.
This section deals first with the verification, followed by the validation.

6.1  VERIFICATION

First, the verification method applied is explained. Next, the design of the
case study scenarios is presented, distinguishing between the base case sce-
nario and the alternative scenarios. Thereafter, the input of the case data
is presented. Once the scenarios are drafted and the case data input is ob-
tained, the model can be verified by means of a scenario analysis. Finally, a
sensitivity analysis is performed to not only verify the emission model, but
also to demonstrate the sensitivity of the model.

6.1.1  Verification method

For the purposes of verifying the emissions model, scenarios should be
drawn up to examine whether the model calculates what needs to be calcu-
lated. The purpose of the scenario analysis in this case is to check whether
the model covers everything that needs to be calculated and whether the
model obtains the correct output that is intended. The first goal refers to
verification of the model and the second to validation. This section starts
with explaining the design of the base case and alternative scenarios, to-
gether with providing the case-specific data that is used. This is followed by
a section discussing the scenario analysis and the sensitivity analysis. A sen-
sitivity analysis is performed to analyse how sensitive certain parameters or
variables in the model may be. In sensitivity analysis, these parameters and
variables are increased and decreased by 10% at a time to test the sensitivity
on the output of the model. Before carrying out this analysis, expectations
are given as to what the changes will mean for the output, in order to test
whether the model behaves as predicted, which is part of the verification
process of the emission model.

6.1.2 Scenario analysis

Case study scenarios

To carry out the case study; first the base case and alternative scenarios have
to be designed. As the case study is conducted within the supply chain of
the company L, the approach of the case study is evaluated with the case ex-
perts of L. The choice is made for the case of a particular loyalty programme,
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for a certain customer, that L is developing during the period in which this
research is conducted. The programme is assembled by incorporating differ-
ent products from different suppliers. For the purpose of this programme,
two products are produced in China, six in France and one in Portugal. This
implies that there are three cargo flows, which are referred to in the emission
model as the CHN flow, PRT flow and FRA flow. For each of these flows,
there are different possibilities for transporting the goods, routing, different
ways of fuel consumption etc., which makes the case so suitable for this
research. Based on discussions with case experts within the company, the
base case scenario is designed. In the next section, the base case scenario is
explained and subsequently the alternative scenarios are presented, as there
are various options per cargo flow. At this point, the scenarios will only be
used to verify the model, only later in this report the impact of the decisions
will be analysed and reported.

Figure 6.1 shows a visualisation of the base case scenario. It represents
the scenario that the company applies most often for these cargo flows. For
goods coming from Europe, in this case Portugal and France, generally road
transport is applied. For goods coming from Asia, in this case China, gen-
erally maritime transport is applied combined with road transport. Hence,
these modes of transport are considered for the base case scenario, as shown
in the figure. Each arrow in the figure depicts a transport leg and each
box depicts the location from where the goods depart from, arrive at or
pass through. In the diagram all the inbound flows are visualised by a
blue square, the outbounds by the green square (from the warehouse in
Drunen to all distribution centres of the client) and the returns (the other
way around) by the red square and red arrow. For the case study carried out
for verification, only the inbound flows are considered. Thus, only for the
incoming flows, alternative scenarios are designed to verify the model. The
reason behind this is that the underlying data and the manner of calculating
the emissions, costs and travel times for the inbound, outbound and return
flows are the same and therefore more scenarios are simply not required to
accomplish the verification.

In designing the alternative scenarios, the most logical and common modes
and routes were applied. An overview of all scenarios combined is given in
the appendix Section D.1. As already mentioned in the previous section,
only the inbound flows are considered. For the CHN flow, 6 scenarios are
designed (C1-C6) and for the FRA and PRT flow, 3 scenarios are designed
(F1-F3 and P1-P3). C1, C2 and C3 together form the base case scenario.

Case-data input

For each transport leg of the case study, the city and country of origin and
destination must be specified and a transport mode must be selected. With
this data, the model can calculate the corresponding travelled distance. Next,
the specific vehicle type and fuel/electricity type must be selected, as the
model then knows which emission data to use in the calculations. Other
input data are the product data, which consist of the logistic data per box,
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Figure 6.1: Case specific supply chain processes

the planned order quantity per product and the number of containers per
delivery. The logistical data per box can be derived from the pallet plans
drawn up in cooperation between the company L and the suppliers. The
planned order quantity and the number of containers are derived from the
delivery planning. The tables in Section D.2 give an overview of the case-
input data with regards to origin, destinations, vehicle types, fuel/electricity
types per transport stage and the product data of the case, which are used
for the verification analysis of this case study.

Scenario analysis output

The output of the emission model according to the above presented input, is
shown in this chapter. The output will be analysed for the purpose to verify
the emission model. The analysis will be split up into first analysing the
output of the transport emissions, followed by the transshipment emissions.
Also, the output in the number of m? of forest area for CO, compensation’
will be analysed as well. Furthermore, the emissions share per transport
leg will be analysed and finally, an analysis of all scenarios of transport
emissions combined will be discussed. The purpose of the scenario analysis
for verification means is to check whether the model covers everything that
needs to be calculated and whether the model obtains the correct output that
is intended.

Table 6.1 shows the output of the transport emissions per cargo flow for
the different scenarios per flow of goods. The output is coloured, per column
per flow of goods, where the colour green indicates a low amount (of the

in a period of 50 years, where the following is assumed: 4.6 tonnes of CO, /hectare/year is
captured in the first 10 years after planting the forest area and 9.1 tonnes of CO, /hectare/year
is captured in the subsequent years, leading to the capturing of 410 CO, /hectare in a period
of 50 years [Boosten et al., 2020]
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criteria emissions, cost and time), red a high amount and yellow an amount
in between.

When examining the output of the CHN flow scenarios, scenarios C5 and
C6 emit the most emissions, except for PM; emissions. This makes sense as
Cs5 and C6 are the scenarios where air transport is used for the main part
of the transport. It is equally logical that PMy emissions are not highest
because air transport does not involve tyre wear on the road surface, this
only occurs on departure and landing. The costs and time of C5 and C6
compared to C1-C4 also make sense, as air transport is considered the most
expensive mode of transport, as well as the fastest one. Scenarios C1 and C2
use maritime transport as the main mode of transport. Maritime transport
is generally known as the mode that takes the longest and costs the least,
which corresponds to the output in the diagram. Rail, the main transport
mode for scenarios C3 and Cy4, is in between the modes sea and air in terms
of cost and time, which is consistent with the output in the diagram.

For the FR and PRT flow scenarios, scenarios F1 and P1 are entirely based
on road transport, F2 and P2 on rail transport and F3 and P3 on short sea
shipping. There is one notable difference in CO,-eq. emissions between
scenarios F2 and F3 and P2 and P3. The difference is that in terms of CO,-
eq. emissions, F3 and P2 are the least polluting flows (compared to F2 and
P3), while this seems contradictory. When looking at the different transport
route of the two flows, the pre- and end-haulage are also decisive for the
emissions. In this case, the pre- and end-haulage transport legs are causing
the contradictory difference between the two flows. In scenario F2, the share
of road haulage in the pre- and post-haulage is so high that a tipping point
is reached so that F2 (rail) causes more CO,-eq. emissions than F3 (short sea
shipping), while the emission factor for rail is 14.6 g/tkm and that for short
sea shipping 47.4 g/tkm. It can be concluded that this seemingly contradic-
tory performance is due to the pre- and end-haulage transport legs.

Furthermore, the PRT and FR flows show that the short-sea legs (F3 and
P3) involve the least costs but take the longest, and the road legs (F1 and P1)
involve the highest costs but take the shortest. The rail options (F2 and P2)
fall in between for both criteria.

Table 6.1: Output transport emissions, cost & time per scenario

Transport emissions (WTW)
CO,-eq SO, PM, NO, PMy Cost Time
[ton] [kgl [kgl [kgl [kgl [x1000 euro] [days]
Ci-MRo 553 1,377 241 10,452
C2-MIRo 543 1,366 242 10,447
C3-RoRalRo
C4-RoRaRo
C5-RoAIRo
C6-RoARo

F1-Ro
F2-RoRaRo
F3-RoMRo

Pi-Ro
P2-RoRaRo
P3-RoMRo
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Figure 6.2: Scenario analysis transport emissions output
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Figure 6.3: Scenario analysis cost and time output

Table 6.2 shows the output of the transshipment emissions per cargo flow
for the different scenarios per flow of goods. The same colouring is used for
visualisation purposes.

Table 6.2: Output transshipment emissions per scenario

Transshipment emissions
CO,-eq NO, PM, SO,
[kgl [g] [g] [g]

C1-MRo

C2-MIRo 3,938 14,000 752 198
C3-RoRalRo

C4-RoRaRo 3,580 12,728 684 180
Cs5-RoAIRo

C6-RoARo 3,580 12,728 684 180

F1-Ro
F2-RoRaRo
F3-RoMRo

Pi-Ro
P2-RoRaRo
P3-RoMRo
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Figure 6.4: Scenario analysis transshipment emissions output

The number of m?* of forest area for CO, compensation® are shown for the
different scenarios per flow of goods in Table 6.3. As the number of m? of for-
est area for CO, compensation are based on the transport and transshipment
emissions, this table can be compared to Table 6.1 together with Table 6.2.
The transshipment emissions compared to the transport emissions are negli-
gible. Therefore, a comparison solely with Table 6.1 is needed for verification
analysis. When comparing the two tables exactly the same colours can be
found in the CO,-eq. column of Table 6.1 compared to the number of m* of
forest area needed for CO, compensation in Table 6.3. The m* of forest area
for CO, compensation is very useful to implement as an output as it makes
the number of CO,-eq. emissions emitted more imaginable.

Table 6.3: Output m? of forest area for CO, compensation

m? forest area for
CO, compensation

C1-MRo 13,557
C2-MIRo 13,336
C3-RoRalRo

C4-RoRaRo

Cs5-RoAlIRo

C6-RoARo

FRo S
F2-RoRaRo 3,984
F3-RoMRo

P1-Ro

P3-RoMRo 221

Table D.12 in the appendix provides a complete overview of the output
of all scenarios combined, according to the inputs described in the previous
section. This is done because previously the different flows were analysed
separately, but L usually operates in the way that a programme is always

in a period of 50 years, where the following is assumed: 4.6 tonnes of CO, /hectare/year is
captured in the first 10 years after planting the forest area and 9.1 tonnes of CO, /hectare/year
is captured in the subsequent years, leading to the capturing of 410 CO, /hectare in a period
of 50 years [Boosten et al., 2020]
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Figure 6.5: Scenario analysis output on m? of forest area for CO, compensation

approached as a whole. For this programme, there are three transport flows
as the goods come from China, Portugal and France, therefore this table has
been drawn up to see the effect when combinations of different scenarios
are made. The first row in blue shows the base scenario (C1F1P1), this
information is also included in the table below (Table 6.4). The next rows in
the appendix show all combinations of the alternative scenarios.

What is striking is that the colours concerning all criteria (emissions, costs
and time) correspond to the colours in Table 6.1, the colours of the CHN
flow. This would mean that it is almost irrelevant for a decision maker to
take the FR and PRT flows into account in such an international programme.
In itself, this is an explainable phenomenon since the CHN flow provides
the largest transport performance given the larger distances covered. For
the base scenario, the share of emissions of each transport leg in relation to
the whole is calculated in percentages, see Table 6.5. This also shows that the
maritime transport leg of the China flow is responsible for by far the largest
part of the emissions. This is why the colours and therefore the proportions
in Table D.12 are the same as those of the CHN flow in Table 6.1.

Table 6.4: Output base case scenario combined

Total emissions (WTW)

CO,-eq SO, PM, NOx PMy Cost Time  m? forest area for
[ton] [kgl [kgl [kgl [kgl [x1000euro] [days] CO, compensation
Ci1 F1 P21 737 1,565 253 10,983 10 € 230 43 17,964

Table 6.5: Emissions share per transport leg base case scenario

Total emissions (WTW)
CO;-eq SO, PM, NO, PMy
C1.1Maritime 73% 87% 95% 95% 0%
C1.2Road 3% 1% 0% 0% 9%
P1Road 2% 1% 0% 0% 8%
F1Road 23%  11% 4% 4% 83%
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6.1.3 Sensitivity analysis

A sensitivity analysis is performed to analyse how sensitive certain parame-
ters or variables in the model may be. In sensitivity analysis, these parame-
ters and variables are increased and decreased by 10% at a time to test the
sensitivity on the output of the model. Table 6.6 shows the decreased and
increased values of multiple parameters and variables in the model. The sen-
sitivity analysis is carried out for the transport leg of C1, which represents
the maritime transport mode for the CHN flow. Per time solely one change
is made, the other variables are kept constant (base scenario).

The output of the sensitivity analysis is shown in Appendix E. As the
criteria (emissions, cost, time) for C1 are used as output it makes sense that
the number of PMy are zero in all cases as container vessels cause no tyre
wear as road or rail modalities do. For the variables distance, number of
containers and cargo weight, it is expected that once the values of these vari-
ables increase, also an increase will be shown in the output of all emissions.
Because a higher amount of containers, cargo weight and distance cause a
higher transport performance and the emissions increase with a higher trans-
port performance. This relationship is in line with the output graphs of the
sensitivity analysis, as shown in Figure E.1.

The same relationship is expected for these three variables, distance, num-
ber of containers and cargo weight, to the cost. It is expected that once these
three values increase, cost increase as well. This phenomenona appeared
from the sensitivity analysis as well, as can be seen in Figure E.2.

Regarding the output of time it is expected that only the average speed
and distance influence this criteria. It is expected once the speed increases,
time decreased and once the distance increases, time increases as well. This
is in line with the output in Figure E.3.

Considering the transshipment emissions it is expected that the more kWh
of energy per movement is needed and the more movements per transship-
ment are taking place, the more transshipment emissions are emitted. When
looking at the graphs in Figure E.4, this is true.

Before carrying out this analysis, expectations are given as to what the
changes will mean for the output, in order to test whether the model behaves
as predicted. This sensitivity analysis is therefore part of the verification
process of the model. In addition, the sensitivity analysis is carried out to
test the impact of uncertainty in emission factors, which will answer sub-
question number 7.

Table 6.6: Sensitivity analysis input

Distance Cargo #containers Cost/tkm  Average speed #transshipment #kWh per Emissionfactor containervessel Emissionfactor containervessel
weight (maritime) (maritime) movements movement 3000-5000 TEU, WTW CO,-eq.  3000-5000 TEU, WTW SO,
Base (100%) 23609 22,2436 55 0,0013 25 8 4,44 18,5 0,047
90% 21248,1  20,01924 49,5 0,00117 22,5 7,2 3,996 16,65 0,0423

110% 25969,9  24,46796 60,5 0,00143 27,5 838 4,884 20,35 0,0517



6.1.4 Verification conclusion

The model verification showed that the model generates logical outcomes.
This was demonstrated by means of a scenario analysis of the case study,
in which alternative scenarios were set up and tested in addition to the
base-case scenario. This showed that the outcomes were as expected. The
sensitivity analysis also showed that the model behaves as expected. The
change in some variables due to a change in input was measured and noth-
ing remarkable was found as everything behaved as expected.

6.2 VALIDATION

First, the validation method will be shared. This is followed by a discussion
of the empirical findings of the validation meeting and the analysis with
actual data from transport carriers.

6.2.1 Validation method

To validate the emission model the following steps were taken. First of
all, a case-experts validation meeting has been taking place, where multiple
points were discussed. There were five case-experts present at the meeting;
two supply chain managers, two supply chain engineers and one supply
chain director, who all have many years of supply chain experience. The
validation meeting was intended to allow the case experts to reflect on the
model as a whole, on its usability, on the outcomes and on the overall value
of the model. Next to this validation meeting, a meeting was held with the
carrier platform that the company uses in order to obtain realistic cost and
time data to validate the model. In the next section the empirical findings
will be discussed.

6.2.2 Empirical findings - validation meeting

In Appendix F the introduction of the validation meeting can first be found.
At the beginning of the meeting this introduction was given to get all case
experts well in the material. The output of the model discussed in this
validation meeting is the same output used for the scenario analysis. So
specifically, the scenarios regarding the inbounds of the loyalty program
used for the case study are discussed in this meeting. It is sufficient to only
discuss the inbounds as the inbounds are calculated in the same way as the
outbounds and returns because the input used in the model is the same. But
the assumptions made to calculate the outbounds and returns of the case are
validated with the case-experts in the validation meeting. In the appendix in
Section G.2 the response of the meeting is summarised. The text highlighted
in blue is relevant for the validation process regarding model outcomes and
assumptions, the text in green will be used the validation process regarding
model usability and overall model value. The key findings regarding the
validation of the emission model will be outlined here.
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Reflection on model outcomes and assumptions

With regards to the times output the case experts noticed that it does not
quite correspond to the transit times they see happening in reality. This
especially counts for the time output of the modalities rail and maritime
transport. To the case-experts it seemed that the train times are too short and
the maritime times are too long. The ratios of the cost output on the other
hand did seem realistic and they were aware this data does not consider
the freight rates. The case-experts thought that a validation with the data
retrieved from the carrier platform they use, the company that books the
transports for L and provided a data-set with cost and time data for this
research, is very useful, especially for validating the transit times.

The case-experts thought that showing the output on m* of forest area
for CO, compensation in a period of 50 years, is working really well for the
imagination of what such a number of tonnes of emissions mean in reality.
The case experts stated it makes the numbers more tangible to them.

Finally, some assumptions were validated during the meeting. Regarding
the returns it is approved by the case-experts to assume that 10% of the out-
bounds will be returned, as this is the percentage L often makes calculations
with in order to be prepared for the returns. It can also be assumed in this
model that those 10% of returns are equally distributed from the four dis-
tribution centres of the client to the warehouse of L in Drunen. Regarding
the outbounds a similar assumption is approved to equally distribute the
inbounds across the four distribution centres of the client, so each outbound
flow is 25% of the total inbound flows.

Reflection on model usability and overall model value

The case-experts found several pre- and end-haulage legs redundant, as they
think that most of the emissions are caused by the main haulage leg. For
research purposed they think it is very useful to gain knowledge of all trans-
port legs, including pre- and end-haulge, but when applying this emission
model in practice they prefer a more simplified model where only the main
haulage is taken into account in designing scenarios and making calcula-
tions.

The term ’utility-model” is devised during this meeting. The current
model was called the "technical-model” by the case-experts, which is very
useful for research and to gain relevant insights. But a more user-friendly
model is preferred to have next to the technical model, this model is called
the "utility model’. This model should contain some simplifications such as
the excluding some pre- and end-haulage legs. Also, instead of seeing all
emissions separately they would prefer a certain ‘sustainability-ranking’ in
the utility model. The case-experts think this would improve the usability
and lowers the boundary to use the model for decision-makers. Consider-
ing the cost, the case experts are aware of the fact that the cost ratio’s are
applied in the model in such a way that those cost do not show the current
freight rates. However, the case-experts are interested in the supply and de-
mand principle behind the transport prices and propose to make use of such
scenarios in the outputs in the utility model.
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The case experts believe that the model would be suitable to implement in
their business process when the sales teams are at an advanced stage with
customers. At that point, a scenario analysis with the various SCD/C and its
outcomes on emissions, cost and time can be set up and communicated to
the sales team. The output can be provided to make the sales team aware
of the fact that when a certain arrival date is set with the customer it has a
certain effect on emissions, costs and time. But to establish this, the model
should be user-friendly otherwise it might be possible that the incentive to
use the model is getting lower each time the model is used.

Regarding the overall model value the case experts stated it fulfils its pur-
pose. The purpose was to create a model that shows the impact of SCD/C
decisions on emissions, costs and time in a clear manner. The beginning of
the purpose is already fulfilled, but regarding the ’clear manner” a few im-
provements can be made as already explained above. The case experts plan
to use the model for every program that is at an advanced stage within the
sales process. At that point the different SCD/C decisions and its outcomes
on emissions, cost and time can be communicated within the company.

For each transport leg, the model user has to enter the weight per con-
tainer, number of containers, origin and destination and then the model’s
‘dials’, namely modality, vehicle type and fuel type. Once this is entered, all
emissions, costs and time are calculated. The case experts were pleased with
this way of gaining insight into the emissions in particular. In terms of costs
and time, they were already familiar with the proportions of various modal-
ities. The added value of this model for them is therefore mainly the insight
into the emissions. The m* of forest for CO, compensation was added to
the model in order to gain more insight into the order of magnitude of the
emissions, at least for CO..

6.2.3 Empirical findings - realistic data

Both outputs in cost and time should be validated with the data received
from Caroz. Starting of with time, Table 6.7 shows in the second column the
time outputs for some of the scenarios from the scenario analysis, in this case
executed pre-validation. The third column provides the corresponding time
(or time frame) according to the data received from Caroz, if available. The
fourth column gives the same data but then retrieved from Cargorouter.com,
if available. If one of both validation data from the sources Caroz or Cargor-
outer.com is not available, another source is conducted, this is showed in the
last column. This table can be used, in combination with the knowledge of
the case-experts, to validate the time output.

From the empirical findings of the validation meeting it already appeared
that the output time for maritime transport was a bit too long and for rail
transport too short. This corresponds to the data from Caroz, Cargorouter
and other sources as can be seen in Table 6.7. The output times for air trans-
port do correspond to a sufficient level with the Caroz and Cargorouter data,
but the output times for inland waterway and road do not match optimally.
Therefore, it is preferred to change the input data that is the foundation

43



6.2 VALIDATION | 44

of the calculation of the travel times for these modalities in order to obtain
more realistic times.

Table 6.7: Time output validation

Time [days] Time [days] Time [days] Time [days]
emission model from Caroz from Cargorouter from other

pre-validation data data sources
C1/C2 (maritime CHN-NL) 50/51 27-47 27.5
C3/C4 (rail CHN-NL) 11/12 - 24 15-18
C5/C6 (air CHN-NL) 4/5 1-8 4.5
Cs.3 (inland Amsterdam-Waalwijk) 21h - - 14h
P1 (road PRT-NL) 1 3-5 5
P2 (rail PRT-NL) 4 7 9
P3 (short-sea PRT-NL) 6 - 7 3-6
F1 (road FR-NL) 1 1-2 2
F2 (rail FR-NL) 3 - 6
F3 (short-sea FR-NL) 3 - 5 1-4

Therefore, the decision is made to change the average speed input for the
modalities inland waterway, maritime and rail. Table 6.8 shows the changes
made and Table 6.9 shows the impact these changes have on the same trans-
port legs used for the validation process of the output criteria time.

Table 6.8: Input average speed per modality pre- and post-validation

Modality Average speed pre-validation Average speed post-validation
Air 200 km/h 200 km/h

Inland waterway 7,2 km/h 8,5 km/h

Maritime 20 km/h 25 km/h

Road 60 km/h 60 km/h

Rail 50 km/h 35 km/h

Table 6.9: Time output pre- and post-validation

Time [days] Time [days]
pre-validation post-validation

C1 50 40
C2 51 41
Cs 12 16
Cy4 11 15
Cs 5 5
Co 4 4
F1 1 1
F2 3 3
F3 3 3
P1 1 1
P2 4 4
P3 6 5
Cs.3 21h 17h



6.2 VALIDATION |

6.2.4 Validation conclusion

Regarding the validation of the model, a validation meeting was set up to
validate the model with the case experts. In general, based on the findings
of this meeting, an adjustment was made to the assumption regarding the
average speed per transport mode because the transport times did not cor-
respond to reality. This also appeared from a comparison with other data,
from Caroz and from other sources. However, the costs between the vari-
ous modes appeared to be in proportion for the case experts. Regarding the
model usability some improvements to the model can still be made, but the
overall value of the model is present. The model fulfills its purpose and the
case experts plan to use the model for every program that is at an advanced
stage within the sales process. At that point the different SCD/C decisions
and its outcomes on emissions, cost and time can be communicated within
the company.
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DECISION IMPACT ANALYSIS

7.1 IMPACT ANALYSIS METHOD

First, it was discussed with the case experts of the company which type of
SCD/C decisions would be most relevant for this case study to analyse the
impact of these decisions. The case experts first of all wished to observe
the impact of the use of different modes of transport. Therefore, the sce-
nario analysis already used for the verification of the model can also be
used within this decision impact analysis, since for the different flows in the
case study different modes of transport are used in the scenario analysis. Be-
sides the choice of transport mode, the case experts were also curious about
the effect of using different engines or fuels, especially for road transport.
They wonder whether the difference in emissions of, for example, "Euro VI’
engines compared to 'Euro V’ engines is big enough to make Caroz decide
to only book carriers with trucks that have a certain type of engine. The
third type of decision that interested the case-experts is the choice of vehicle
type. They wondered whether it is worthwhile to influence carriers to use a
certain type of vehicle and whether it is realistic to do so. In order to check
whether it is realistic to influence carriers to use a certain type of vehicle and
to examine other relevant aspects related to carriers, a meeting is held with
Caroz, the company that books the transports for L.

7-2 TRANSPORT MODE SELECTION IMPACT ANALYSIS

The emission model can be used for deciding which mode of transport
should be used for a particular goods flow. From the beginning of this study;,
this type of decision emerged as the first objective that the emission model
should meet, to assist in making decisions regarding the choice of transport
mode. To estimate the impact in terms of emissions, costs and time, of choos-
ing a particular type of transport mode, the case study was consulted. The
scenarios already used to verify the model could be used again to see the
impact on all criteria, which could help decision-makers get a clear picture
of the situation and weigh up the different modes of transport.

7.2.1  Mode selection impact China-flow goods

From the scenario analysis the scenarios C1 and C2 emerge with maritime
transport as the main mode of transport, C3 and Cj rail transport as the
main mode of transport and C5 and C6 air transport as the main mode of
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transport, in Section D.2 in the appendix all the inputs for the scenarios can
be reviewed.

As far as transport emissions are concerned, Table 6.1, it can be stated
that rail transport (C3 and C4) would be the best option, with the lowest
amount of emissions, followed by maritime transport (C1 and C2), whose
emissions are very close to those of rail transport. Air transport (C5 and C6)
would be the least preferable option, as its emissions are considerably higher
compared to the other two modes. Only for the amount of PM emissions is
rail the least option, then comes air transport and the best option is maritime
transport.

In terms of cost, which are displayed in Table 6.1, the maritime option
is the least expensive, followed by rail and air transport is considerably the
most expensive. This is exactly reversed when it comes to time, as the mar-
itime option takes the longest in terms of time, followed by rail and air is
the fastest option.

The maritime transport variant is included in the scenario analysis as the
base case scenario since this is the option that the company normally applies
when products need to be transported from China to Europe, provided that
there is enough time, since this is also the option that takes the longest time.
The reaction of the case-experts during the validation meeting (Appendix F),
was that they found that the option they usually apply is not too bad in terms
of emissions compared to the other options. When looking at Table 6.1, this
reaction is understandable, because the emissions of the maritime options
(C1 and C2) do not seem that much more than the emissions of the rail
options (C3 and Cy).

Regarding transshipment emissions, Table 6.2, C1 causes the least amount,
followed by C4 and C6 and most transshipment emissions are caused by C3
and C5. The more modalities are used in a scenario, the more the goods
have to be moved and thus the more mobile equipment is needed, which
results in more transshipment emissions for a scenario. When comparing the
amount of transshipment emissions with transport emissions, it turns out
that transshipment emissions are almost negligible. The CO,-eq. emissions
for transshipment are shown in the table in kg and the other transshipment
emissions in grams, while the transport emissions are shown in Table 6.1 of
CO,-eq. in tonnes and the other transport emissions in kg.

When making a decision, it depends on which criteria are more important
than others at a given moment. For example, when time is scarce, air travel
may be the only option for a company, even though it is the most pollut-
ing and costly option. Showing the effect on emissions when air transport
is used can still help in deciding whether there is indeed limited time or
whether there might still be an option to use other modes, as both sea and
rail transport are significantly less harmful in terms of emissions and less
expensive compared to air transport.

The impact of the SCD/C decisions within the type of transport mode se-
lection, i.e. to use rail or air transport instead of maritime transport for
the CHN cargo flow which would normally be applied in the case study;,
is shown in Figure 7.1, the input values for this figure can be found in
Appendix H in Table H.1. In Figure 7.1, the change in criteria (emissions,
costs and time) when deciding to use rail or air transport instead of mar-
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itime transport is presented in percentages. In the base case, the maritime
transport mode, all criteria are set to 100%. Therefore, this figure shows
the effect that a decision-maker has on all three criteria. This means that
a decision-maker has a major influence on both sustainability performance
and business performance, this can be both positive and negative.

Impact of choosing rail or air versus maritime transport for
the CHN flow of goods on transport emissions, cost and time
B(COycq WSO, MPM, MNO, MPM, MCost MTime Wm2 forest area for CO2 compensation

16330%

3541%

985% 926% yarc 852% 921%

8% 2% 10% 9% C39%  84% 7 485% 176% 185% S02X . 0%
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Rail vs. Maritime (=100%) Air vs. Maritime (=100%)

Figure 7.1: Impact of choosing rail or air versus maritime transport for the CHN
flow of goods on transport emissions, cost and time

7.2.2 Mode selection impact France-flow goods

From the scenario analysis the scenarios F1 emerges with road transport as
the main mode of transport, F2 rail transport as the main mode of transport
and F3 short-sea transport as the main mode of transport, in Section D.2 in
the appendix all the inputs for the scenarios can be reviewed.

With regard to transport emissions, different conclusions can be drawn
for each emission, as can be seen in Table 6.1. For CO,-eq. emissions, the
short sea shipping option (F3) causes the fewest emissions, followed by rail
(F2) and road transport (F1) the most. For SO,, PM, and NOy emissions, rail
causes the least emissions, followed by road and short-sea the most. For the
amount of PMg; emissions, rail is the least option, then comes road transport
and the best option is short-sea transport. In terms of costs, the short-sea
option is the least expensive, followed by rail and road transport the most
expensive. In terms of time, this is exactly the opposite as the short sea
shipping option takes the longest time, followed by rail and road transport
is the fastest option.

To gain a clearer understanding of the order of magnitude of CO,-eq.
emissions, the number of m, of forest area for CO, compensation is used
as a criteria, as already explained in the previous chapter. For the FR flow of
goods, 519 m, of forest area for CO, compensation can be saved if short-sea
is used, versus road transport. So even though the numbers in Table 6.1 seem
to make little difference, when it is converted into m, of forest area for CO,
compensation the impact is visible. Because in this way, the decision-makers
can visualise the number of trees needed for compensation.

Regarding transshipment emissions, Table 6.2, F1 causes the least amount,
followed by F2 and F3 which cause the most amount of emissions. The more
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modalities are used in a scenario, the more the goods have to be moved and
thus the more mobile equipment is needed, which results in more transship-
ment emissions for a scenario. In scenario F1 only one modality is used,
namely road transport, and therefore this makes sense. The decision-maker
can keep this in mind, but when comparing the amount of transshipment
emissions with transport emissions, it turns out that transshipment emis-
sions are almost negligible. The CO,-eq. emissions for transshipment are
shown in the table in kg and the other transshipment emissions in grams,
while the transport emissions are shown in Table 6.1 in tonnes for CO,-eq.
emissions and the other transport emissions in kg.

The impact of the SCD/C decisions within the type of transport mode se-
lection, i.e. to use rail or short-sea transport instead of road transport for the
FR cargo flow which would normally be applied in the case study, is shown
in Figure 7.2, the input values for this figure can be found in Appendix H
in Table H.2. In Figure 7.2, the change in criteria (emissions, costs and time)
when deciding to use rail or short-sea instead of road transport is presented
in percentages. In the base case, the road transport mode, all criteria are set
to 100%. Therefore, this figure shows the effect that a decision-maker has on
all three criteria. This means that a decision-maker has a major influence on
both sustainability performance and business performance, this can be both
positive and negative.

Impact of choosing rail or short-sea versus road transport for
the FR flow of goods on transport emissions, cost and time

B COz-eq SO, PM, NO, ®mPM, MCost M Time M m?2 forest area for CO2 compensation
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Figure 7.2: Impact of choosing rail or short-sea versus road transport for the FR
flow of goods on transport emissions, cost and time

7.2.3 Mode selection impact Portugal-flow goods

From the scenario analysis the scenarios are set up similarly to the FR flow
scenarios, which means P1 emerges with road transport as the main mode
of transport, P2 with rail transport and P3 with short-sea transport as the
main mode of transport, in Section D.2 in the appendix all the inputs for the
scenarios can be reviewed.

With regard to transport emissions, different conclusions can be drawn for
each emission, as can be seen in Table 6.1. For CO,-eq. emissions, the rail
option (F2) causes the fewest emissions, followed by short-sea (F2) and road
transport (F1) the most. But the difference between the rail and short-sea
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options regarding CO,-eq. emissions is very small. For SO,, PM, and NOy
emissions, rail causes the least emissions, followed by road and short-sea
the most. For the amount of PM emissions, rail is the least option, then
comes road transport and the best option is short-sea transport. In terms of
costs and time the same counts for the PRT flow scenarios as for the FR flow
scenarios, namely that the short-sea option is the least expensive, followed
by rail and road transport the most expensive. And in terms of time, exactly
the opposite counts, as the short sea shipping option takes the longest time,
followed by rail and road transport is the fastest option.

To gain a clearer understanding of the order of magnitude of CO,-eq.
emissions, the number of m, of forest area for CO, compensation is used
as a criteria, as already explained in the previous chapter. For the PRT flow
of goods, 178 m, of forest area for CO, compensation can be saved if rail is
used, versus road transport. So even though the numbers in Table 6.1 seem
to make little difference, when it is converted into m, of forest area for CO,
compensation the impact is visible. Because in this way, the decision-makers
can visualise the number of trees needed for compensation.

Regarding transshipment emissions, Table 6.2, the same counts as for the
FR flow of goods. Namely that, P1 causes the least amount, followed by P2
and P3 which cause the most amount of emissions. The more modalities are
used in a scenario, the more the goods have to be moved and thus the more
mobile equipment is needed, which results in more transshipment emissions
for a scenario. In scenario P1 only one modality is used, namely road trans-
port, and therefore this makes sense. The decision-maker can keep this in
mind, but when comparing the amount of transshipment emissions with
transport emissions, it turns out that transshipment emissions are almost
negligible. The CO,-eq. emissions for transshipment are shown in the table
in kg and the other transshipment emissions in grams, while the transport
emissions are shown in Table 6.1 in tonnes for CO,-eq. emissions and the
other transport emissions in kg.

The impact of the SCD/C decisions within the type of transport mode se-
lection, i.e. to use rail or short-sea transport instead of road transport for the
PRT cargo flow which would normally be applied in the case study, is shown
in Figure 7.3,the input values for this figure can be found in Appendix H in
Table H.3. In Figure 7.3, the change in criteria (emissions, costs and time)
when deciding to use rail or short-sea transport instead of road transport
is presented in percentages. In the base case, the road transport mode, all
criteria are set to 100%. Therefore, this figure shows the effect that a decision-
maker has on all three criteria. This means that a decision-maker has a major
influence on both sustainability performance and business performance, this
can be both positive and negative.
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Impact of choosing rail or short-sea versus road transport for

the PRT flow of goods on transport emissions, cost and time
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Figure 7.3: Impact of choosing rail or short-sea versus road transport for the PRT
flow of goods on transport emissions, cost and time

73 FUEL/ENERGY SELECTION IMPACT ANALYSIS

In addition to analysing the effect of decisions on the choice of a certain
modality, the model can also be applied to analyse the effect of the choice of
a specific engine or fuel type per modality. As mentioned, the case experts
were curious to know the impact of such a choice, as in this way it can be
determined whether the difference in emissions of, for example, 'Euro VI’
engines compared to 'Euro V’ engines is large enough to make Caroz (the
platform that books L’s transports) decide to only book transporters with
trucks that have a certain type of engine. The importance of this impact
applies especially to road transport, as the case experts believe that for other
modes it might be very difficult to influence the fuel/engine type (see Caroz
meeting).

For this case study, first the road option for the FR flow is analysed for
the impact of using vehicles with a different fuel type or engine. The impact
of the SCD/C decisions within the type of fuel/energy selection for the road
option of the FR flow is shown in Figure 7.4, the input values for this figure
can be found in Appendix H in Table H.4 and Table H.5. In Figure 7.4,
the change in criteria (emissions, costs and time) when deciding to use a
different type of fuel/energy type instead of Diesel Euro VI is presented in
percentages. In the base case, the Diesel Euro VI fuel type, all criteria are
set to 100%. Therefore, this figure shows the effect that a decision-maker
has on all three criteria. The impact table, Table H.5, shows that the impact
on emissions that can be made by choosing a different fuel/engine type is
greater in percentages than the additional costs.

Secondly, also the maritime transport option for the CHN flow is analysed
for the impact of using vessels with a different fuel type or engine. The
impact of the SCD/C decisions within the type of fuel/energy selection for
the maritime option of the CHN flow is shown in Figure 7.5, the input values
for this figure can be found in Appendix H in Table H.6 and Table H.7. PMg
is not taking into account in the table as maritime transport does not emit
such emissions as there is no tyre wear taking place. In Figure 7.5, the change
in criteria (emissions, costs and time) when deciding to use a different type
of fuel/energy type instead of HFO/MDO Tier Il is presented in percentages.
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In the base case, the HFO/MDO Tier II fuel type, all criteria are set to 100%.
Therefore, this figure shows the effect that a decision-maker has on all three
criteria. The impact figure, Figure 7.5 shows that BioLNG emits the least
amount of CO,-eq. emissions and also for all other emissions it scores really
well. The cost compared to the base case fuel/engine type is also the lowest.
This is due to the advantageous fuel cost associated with BioLNG.

Finally, also the air transport option for the CHN flow is analysed for the
impact of using air crafts with a different fuel type. In this case, only kero-
sine versus biokerosine are compared as these are the only two available
options in the airline industry. The impact of the SCD/C decisions within the
type of fuel/energy selection for the air option of the CHN flow is shown
in Figure 7.6, the input values for this figure can be found in Appendix H
in Table H.8 and Table H.9. In Figure 7.6, the change in criteria (emissions,
costs and time) when deciding to use a different type of fuel/energy type in-
stead of Kerosine is presented in percentages. In the base case, the Kerosine
fuel type, all criteria are set to 100%. Therefore, this figure shows the effect
that a decision-maker has on all three criteria. The impact figure, Figure 7.6,
shows that bio-kerosine is causing less emissions compared to kerosine, ex-
cept from the PMy emissions, but the cost are 163% higher.

Impact of choosing different fuel/engine types versus Diesel Euro VI with road

transport for the FR flow of goods on transport emissions, cost and time

Diesel Euro V. Diesel Plug-in ~ GTL Euro V. Biodiesel Euro  HVO Euro VI LNG (Euro VI) BioLNG (Euro Electric (average — Hydrogen
hybride (Euro VI (97% FAME, VI) mix)
VI) 3% HVO)
B COzeq MSO, PM, NOx MmPM, MCost MTime M m2 forest area for CO2 compensation

Figure 7.4: Impact of choosing different fuel/engine types with road transport for
the FR flow of goods on transport emissions, cost and time
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Impact of choosing different fuel/engine types versus HFO/MDO Tier IT with
maritime transport for the CHN flow of goods on transport emissions, cost and time
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Figure 7.5: Impact of choosing different fuel/engine types with maritime transport
for the CHN flow of goods on transport emissions, cost and time

Impact of choosing different fuel/engine types versus
Kerosene with air transport for the CHN flow of goods on

transport emissions, cost and time
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Figure 7.6: Impact of choosing different fuel /engine types with air transport for the
CHN flow of goods on transport emissions, cost and time

7-4 VEHICLE TYPE SELECTION IMPACT ANALYSIS

In addition to analysing the effect of decisions on the choice of a certain
modality and the effect of the choice of a specific engine or fuel type per
modality, also the impact of the decision for a certain vehicle type is analysed.
As already mentioned the case-experts wonder whether it is worthwhile to
influence carriers to use a certain type of vehicle and whether it is realistic
to do so. In order to execute the analysis, first the vehicle type is changed
with the road option for the FR flow of goods. Secondly, the vessel type
is changed with the inland waterway end-haulage leg for the CHN flow of
goods.

For this case study, first the road option for the FR flow is analysed for
the impact of using different types of vehicles. The impact of the SCD/C de-
cisions within the type of vehicle selection for the road option of the FR flow
is shown in Figure 7.7, the input values for this figure can be found in Ap-
pendix H in Table H.10 and Table H.11. In Figure 7.7, the change in criteria
(emissions, costs and time) when deciding to use a different type of vehicle
type instead of tractor+trailer is presented in percentages. In the base case,
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the tractor+trailer vehicle type, all criteria are set to 100%. Therefore, this
figure shows the effect that a decision-maker has on all three criteria. The
impact table, Figure 7.7, shows that LZV is causing less emissions and less
cost overall compared to the tractor+trailer vehicle type for road transport.

Secondly, also the inland waterway transport option for the end-haulage
leg for the CHN flow is analysed for the impact of using different vessel
types. The impact of the SCD/C decisions within the type of vehicle selection
for the inland waterway option of the end-haulage leg of the CHN flow is
shown in Figure 7.8, the input values for this figure can be found in Ap-
pendix H in Table H.13 and Table H.13. PMg is not taking into account in
the table as inland waterway transport does not emit such emissions as there
is no tyre wear taking place. In Figure 7.8, the change in criteria (emissions,
costs and time) when deciding to use a different type of vehicle instead of
Neo-Kemp is presented in percentages. In the base case, the Neo-Kemp ve-
hicle type, all criteria are set to 100%. Therefore, this figure shows the effect
that a decision-maker has on all three criteria. The impact figure, Figure 7.5
shows that Groot Rijnschip emits the least amount of emissions. However,
the cost are higher.

Impact of choosing different vehicle types versus
Tractor+trailer with road transport for the FR flow of goods

on transport emissions, cost and time

B COz-eq WSO, MPM, NO, EWPM, MCost MTime Mm2 forest area for CO2 compensation
100% 100%
o 0 o
90% 90% 86% 20% 90%
I I 75% I I

LZV, average

Figure 7.7: Impact of choosing different vehicle types with road transport for the
FR flow of goods on transport emissions, cost and time

Impact of choosing different vehicle types versus Neo-Kemp,
CEMT-III with inland waterway transport for the end-
haulage of the CHN flow of goods on transport emissions,

cost and time

WCOzeq WSO, MPM, MNO, MCost MTime Mm2 forest area for CO2 compensation
254%
177%
319%  130% 319
131% 130% 118% o 131% o
I I 93% i I 8% 87% oy 82% 088%

Rijn-Herne Schip, CEMT IV Groot Rijnschip, CEMT Va

Figure 7.8: Impact of choosing different vehicle types with inland waterway trans-
port for the end-haulage of the CHN flow of goods on transport emis-
sions, cost and time



CONCLUSION, DISCUSSION AND
RECOMMENDATIONS

8.1 CONCLUSION

Companies are pushed to rethink their existing SC to contribute to the envi-
ronmental challenges. To do so, companies have to balance their business
performance measures with environmental performance measures. This ap-
pears to be difficult. This thesis aimed to investigate the impact of sCD/C
decisions on supply chain emissions, costs, and transport times. Therefore
an answer to the following main research question had to be found:

what impact do supply chain design and coordination (SCD/C) decisions in a
global supply chain have on the supply chain’s emissions, costs and transport times?

It was decided to use a case study method in this research. The steps
of model exploration, conceptualisation, design and testing were followed
to find an answer to the main research question. The answers to all sub-
questions that were found in this process are outlined inTable 8.2.

In the model testing phase, verification and validation of the model were
carried out. The model verification showed that the model generates logical
outcomes. This was demonstrated through a scenario analysis of the case
study, in which alternative scenarios were set up and tested in addition to the
base-case scenario. The outcomes of the scenario analysis showed that the
outcomes were as expected. This was confirmed by the sensitivity analysis,
which also showed that the model behaved as expected. The change in some
variables due to a change in input was measured, and nothing remarkable
was found as everything behaved as expected. From the scenario analysis it
appeared that the transshipment emissions in comparison with the transport
emissions were negligible, see Section 6.1.2. Regarding the validation of the
model, a validation meeting was set up to validate the model with the case
experts. In general, based on the findings of this meeting, an adjustment was
made to the assumption regarding the average speed per transport mode
because the transport times did not correspond to reality. This also appeared
from a comparison with other data. However, the costs between the various
modes appeared to be in proportion for the case experts.

Once the emission model was verified and validated, the decision impact
analysis could be performed. The model’s main function is to calculate the
emissions, costs, and times based on the input given. The main dials of the
model, which also represent the types of decisions to be made and there-
fore the different options per type of decision, are the transport mode, the
fuel/engine type and the vehicle type. These three main dials represent the
three SCD/C taken into account in this research as those decisions were most
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relevant to the case study. For each transport leg, the model user has to enter
a.o. the weight per container, number of containers, origin and destination
and the model’s “dials’, namely modality type, vehicle type and fuel/engine
type. Once this information is entered, all emissions, costs and times are cal-
culated. Because of these functions of the model, a clear overview of results
can be gathered as the output changes when a different input is given (wWhen
one of the dials has turned).

By performing the decision impact analysis, the following findings were
made. The three types of decisions that were most relevant for the case were
analysed; these are mode selection decisions, fuel/energy/engine type de-
cisions and vehicle type decisions. Table 8.1 shows a short overview of the
results from the decision impact analysis. It shows the ranges in which the
impact percentages vary for that particular type of decision in that particu-
lar flow. So, for the first row, the percentages for the impact on emissions
vary between 9-16330%. This means that in some alternative mode options
for the CHN flow, the alternative options impact the emissions between 9-
16330% compared to the base case option, which is a massive impact. When
overlooking this overview of results, it can be concluded that the decision
mode selection impacts all three criteria, emissions, cost and time. The fuel
type and vehicle type decisions have no impact on the criteria time. Sec-
ondly, it can be concluded that the most crucial decision from this specific
case analysis is the mode selection decision. Not only because it impacts all
three criteria but also because the emission range, especially in the analysis
for the CHN flow, is extensive. On the other hand, it must also be stated
that the other two decisions also make an undeniable impact on emissions
and cost and must therefore not be neglected but should, on the contrary,
also be taken into account. Fuel type selection can make the biggest positive
impact on emissions from these two decision types, looking at the smallest
percentages of the two decision types. At the same time, the changes in costs
for road and maritime transport are not that big. This indicates a feasible
outcome; fewer emissions with minimum extra cost. Finally, it can be con-
cluded that all three decision types have an impact and therefore matter and
that it is recommended for the case to take all three types of decisions into
account. Mode selection is the decision type that is most commonly consid-
ered within companies. However, if companies influenced carriers to select
a specific fuel or vehicle type, the transportation sector as a whole would be
activated to change to using more sustainable fuel or vehicle options. Imag-
ine what positive change this would bring to the transportation sector if
companies start imposing fuel/vehicle requirements on carriers. This would
bring more incentives to the transportation sector to act more sustainably
and offer more sustainable transportation options.
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Table 8.1: Results overview table - impact ranges per SCD/C decision type

Emissions Cost Time

Mode selection CHN flow 9-16330%  985-3541% 10-39%

Mode selection FR flow 56-247% 57-94% 300-303%
Mode selection PRT flow 13-303% 14-58% 326-400%
Fuel/engine type selection FR flow (road) 49-294% 93-110% no impact
Fuel/engine type selection CHN flow (maritime) 2-196% 91-102% no impact
Fuel/engine type selection CHN flor (air) 12-146% 163% no impact
Vehicle type selection FR flow (road) 75-100%  80% no impact
Vehicle type selection (inland waterway) 71-254% 177-254%  no impact

Regarding the added value of the model, the following can be concluded.
As the mode selection decision is already commonly considered in compa-
nies, decision-makers are already familiar with especially the cost and time
differences of the different modalities. Nevertheless, from the case study;, it
appeared that this knowledge is not present concerning the cost differences
of the different fuel and vehicle types. This leads to the first added value
point of the model, the added value of getting insight into the cost differ-
ences when using different fuel/engine types or vehicle types in transport-
ing goods. The second added value point is that it first appeared from the
case study that concerning emissions knowledge was only present on a gen-
eral level. The value of the emission model is that it contributes to a much
more accurate view of the impact on emissions among decision-makers. Be-
cause of this accurate overview, the model outcomes can function as a han-
dle for the decision-makers to see the impact of their decisions. The model
can compare different possibilities for transporting goods; it can compare
different modalities, vehicle types per modality and fuel/engine types per
modality and express its impact in terms of emissions, costs and time. As
a result, the model can identify not only sustainability measures but also
business measures. Consequently, the impact (positive/negative) of certain
decisions within the supply chain on emissions, costs, and time can be made
clear at a glance. If the company starts using this model, conscious choices
may be made more often if the business measures allow it. The model also
provides a handle for communication about different options (in terms of
modalities, type of fuels and type of vehicles) within different company de-
partments. The model and the results provide a tool for making decisions
and an overview in a table of this impact, which can be communicated to
relevant departments. As a result, it can make stakeholders more aware of
their impact when making a certain decision.

The case experts confirmed the above outlined added value conclusions.
From the validation, it became apparent that the case experts were pleased
to see the emission model has fulfilled its purpose to create a model that
shows the impact of their SCD/C decisions. The case experts plan to use the
model for every program at an advanced stage within the sales process. At
that point, the case experts want to apply the model to the specific program
and show the outcomes of all different decisions to the rest of the company.
On the one hand, it can help the supply chain team to make decisions based
on numbers and on the other hand, the outcomes of the model can also be
used to back their decisions with numbers. Regarding the model’s overall
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value to the case experts, they were very pleased to gain insight into the cri-
teria emissions in particular. Regarding the mode selection decisions, they
were already familiar because of their experiences of the cost and time ra-
tios between the different modalities. However, for the fuel type and vehicle
type decisions, they were interested in the changes in the costs. Specifi-
cally, the insight the model gives into the impact on emissions provides the
added value of the model to the case experts. But in the end, the model as
a whole, with all its functions, so the insight into the combination of emis-
sions, costs and times is what gives the total package. As solely in this way,
once all information is known, well-thought decisions can be made. It can
be concluded that the model fitted the knowledge gap for L and has there-
fore contributed to their decision-making process regarding the transport of
goods. Recommendations for L can be found in Section 8.3.2.

Regarding the added value of the research from a scientific point of view,
it can first of all be concluded that all knowledge gaps found in the literature
review are filled, see Section 8.2.6. Besides this, this research can be used to
further research. Recommendations for further research can be found in
Section 8.3.1.
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Table 8.2: Answers on sub-questions

Sub-question

Answer

1. How are transport-related emissions from
global supply chains previously modelled?

Previously, in the literature, different modelling techniques were used
depending on the primary focus of a research project. In this research,
an emission model was created, not an optimisation model, which
consists of a system of equations.

2. What are the causes of emissions within
the supply chain of the case study?

As the core business of L's supply chain includes ordering consumer
products, receiving these products and shipping them to the
customers (the retailers), the scope of the supply chain included in this
research is from the transhipment origin right after the production
facility up until the transport to the client’s warehouse. Within that
scope, namely, the loading and unloading activities of the
transhipment processes and the WTIT and TTW emissions for the
transport processes are the main causes of emissions.

3. Which emissions and criteria should be
taken into account in the emission model?

Emissions as a criteria concern sustainability performance, while

the other part of the main research question, costs and travel times,
represent business performance.

CO,, NH,, and N,O are included as CO,-eq emissions; these

emissions are the main greenhouse gasses. SO, and NOy are

included, which can cause acidification, ecotoxicity and human
toxicity. In addition, NOy can also cause eutrophication and summer
smog. Finally, PM, (during combustion) and PMy (during wear & tear)
are included, that cause human toxicity and summer smog.

4. Which parameters and variables influence
the criteria in the emission model?

Distance, cargo weight per container, number of containers, mode
type, vehicle/vessel type, road/waterway type, fuel/technique type,
emission factors transport, number of movements for transhipment,
mobile equipment type for transhipment, emission factors mobile
equipment for transhipment, cost data per transport mode, cost data
per fuel type, cost data per vehicle/vessel type, average speed per
transport mode.

5. What is the base case scenario of the
case study?

For the selected program of the case, there are three flows of goods,
goods that originate from China, France and Portugal. Regarding the
inbounds in the base case scenario, the goods from China are shipped
by maritime transport to the port of Rotterdam and transported by road
to L's warehouse in Drunen. The goods from

France and Portugal are transported by road to Drunen. Regarding the
outbounds of the base case scenario, solely road transport is used to
transport the goods to the four warehouses of the client.

6. What do the alternative scenarios entail with regards
to the scenario analysis for verification means?

For all three flows of goods (CHN flow, FR flow and PRT flow), multiple
different scenarios are created. For the CHN flow, in total, six different
scenarios are created where the main and end-haulage legs of transport
differ from each other; next to the base case, the scenarios
maritime-inland-road, road-rail-inland-road, road-rail-road,
road-air-inland-road and road-air-road are created. For the FR and PRT
flow, in total, three different scenarios are created; next to the base case, the
scenarios road-maritime-road and road-rail-road are created.

7. What impact has uncertainty in emission
factors?

From the sensitivity analysis, it appeared that changing a certain
corresponding emission factor affects the outcome of that certain emission.
So, if uncertainty exists around emission factors used, it does impact

the outcomes if calculations are executed with those emission factors.

8. Which scdc decisions” impact are
relevant to the case to model and analyse?

The case experts, first of all, wished to observe the impact of the use of
different modes of transport. Therefore, the scenario analysis already used
to verify the model could also be used within the decision impact

analysis since different modes of transport are used in the scenario analysis
for the different flows in the case study. Besides the choice of transport
mode, the case experts were also curious about the effect of using different
engines or fuels, especially for road transport. They wonder whether the
difference in emissions of, for example, "Euro VI’ engines compared to
"Euro V’ engines is big enough to make the carrier platform they use to
only book carriers with trucks that have a certain type of engine. The third
type of decision that interested the case experts is the choice of vehicle type.



8.2 DISCUSSION

8.2.1 Reflection on the research approach

This study decided to create a model based on a system of equations to
gain insight into the output in terms of emissions, costs, and time for each
transport leg. The idea was to use this model to investigate the impact of
certain scdc decisions on emissions, costs and time. The choice was made
to investigate this through a case study. Because of this choice, only the
SCD/C decisions that were considered relevant for this case were investigated.
Decisions such as routing decisions and facility location selection have thus
been left out of consideration. Still, it was beneficial to conduct this research
through a case study since real data of real products and real transports to
be booked were used. Also, a case study made it possible to create insights
into how this model can be optimally adjusted to actually be used in making
SCD/C decisions in business execution.

In creating the model, the choice was made to include certain criteria.
These are several types of emissions: CO,-eq. (CO,, CH, and N,O), SO,,
PMy, NOy and PMy;. In addition to these emissions, cost and time were also
used as criteria in the model. Concerning costs, a conscious decision was
made to include costs in the model as opposed to prices. The idea behind
this is that prices depend strongly on supply and demand for transport
and that this is difficult to include in the model. The validation showed
that the costs are in roughly the same proportion as the prices. However,
given the large differences in prices that can occur in a tight market, for
example, when the Suez Canal is congested, the supply and demand for
freight transport and its influence on prices would be an interesting subject
for further research.

8.2.2 Reflection on model assumptions

In constructing the model, several assumptions were made. Most of the
assumptions concern data used in the model. These include the emission
figures used, the assumptions on average speed per mode, the cost figures
used per mode and the assumptions on fuel cost data. Nevertheless, as-
sumptions regarding transshipments include the number of trips per trans-
port leg, the number of kWh needed per TEU per transport of goods, and
the assumption that 20% of the equipment used for transhipment is electric
and 80% of this equipment uses diesel as fuel. These assumptions should be
taken into account when interpreting the results and using the model. These
assumptions can also be further investigated in follow-up research.

The outbounds and returns were also made transparent for the case, al-
though these were not used for the analysis. The assumption made is that
10% of the goods delivered for the programme are returned. Moreover, for
the outbounds, it is assumed that all goods of the inbounds are equally di-
vided over the four warehouses of the customer. For the outbounds and
returns, a weighted average of the cargo weight of the inbounds is used,
even though it is not known which goods are sent to which warehouses for
the outbounds and which goods are returned.
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8.2.3 Reflection on model findings

As far as the model findings are concerned, this section reflects the gener-
ation of answers to the main question. These answers are taken from the
results of the decision impact analysis. For each type of decision, several
analyses were carried out based on the case study. These analyses could
also have been carried out on other cases with different outcomes. Neverthe-
less, these analyses have shown that SCD/C decisions impact certain criteria,
some decisions on emissions only, some on emissions and costs and oth-
ers on all three criteria. So even though the numerical outcomes might have
been different in another case, the impact would also have been visible. With
the results of this study, decision-makers in the business world who are re-
sponsible for these kinds of SCD/C decisions can at least see the impact of
the choices they are faced with on emissions, costs and time. The results of
this research can also be used to substantiate certain decisions.

8.2.4 Implications for the freight transportation sector

In this section, several aspects will be discussed in which action is required
from the freight transport sector. For the fuel type decision, all kinds of fu-
els have been considered in the research. However, the availability of these
fuels is not guaranteed or accessible for all of them. The research showed
that some fuels that are very favourable for emissions are still costly. This
applies, for example, to bio-kerosene as an alternative fuel for kerosene in
aircraft. Solutions to this problem lie in the cooperation of the entire trans-
port sector. This means that policymakers, fuel producers, companies and
vehicle owners must all work together to make alternative fuels accessible
and put them into use.

In terms of vehicle type decisions, it has been shown that this impacts
emissions as well. However, it has also become apparent that it is currently
not common or possible to influence a shipping company or airline to trans-
port the containers in question on a particular type of ship or aircraft. This
would potentially be an option for road transport, as tenders could then be
placed with carriers who have certain types of trucks or delivery vehicles.
However, this is certainly not possible or common for transport modes such
as inland waterway, maritime, rail, and air transport. For this problem, too,
all those involved in the freight transport sector must work together to de-
velop solutions that will make it possible and customary for companies to
exert influence on a vehicle type.

8.2.5 Societal relevance

This study contributes to the emission reduction that needs to take place
in the freight transportation sector. The results of this study help decision-
makers within companies to understand the impact they have when making
SCD/C decisions. By taking this impact into account and being aware of it,
decision-makers can act on this knowledge. If all decision-makers within
all companies took emissions into account in addition to costs and time
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and tried to act as sustainable as possible within the limits of a company’s
business performance, many emissions could be saved.

8.2.6 Scientific relevance

The following aspects can summarise the knowledge gap that was identified.
Current scientific research was lacking:

e research into SCD/C decisions, as compared to TI decisions and OM
decisions

e research into the modelling of global SC’s as compared to modelling
national sC’s

e research into specifically SC’s within the consumer goods industry within
SSCM

e research into other emissions as compared to the prominent GHG emis-
sions

This research contributes to all identified knowledge gaps. First of all, the
impact of SCD/C decisions is analysed in this study, namely the decisions
regarding mode selection, fuel/energy/engine type and vehicle type. Sec-
ondly, the case study within company L considers a global supply chain.
In the specific case used, three flows of goods were identified, goods from
China, France and Portugal, making it a global case. Thirdly, the case con-
siders goods for loyalty programs of retailers, in this case, a supermarket. So
the goods considered are consumer goods as the clients of the supermarkets
are consumers. Finally, next to the GHG emissions, SO,, NOy and PM, and
PMj) are taken into account in the model and analysis.

8.3 RECOMMENDATIONS

The intention is to expand further the knowledge obtained from this re-
search. Therefore, this section contains several recommendations for further
research, an extension of the model, and practical recommendations for the
freight transportation sector.

8.3.1 Recommendations for further research and improving the model

Firstly, there are several recommendations related to additional functions
in the model. The choice has been made to include costs in the model as
business criteria, but an addition to the model could be to include prices in
the model. This will be complex, as prices depend strongly on the market,
so certain scenarios will have to be used. Furthermore, the model could be
automated so that less manual data entry is required. In particular, inserting
all distances separately requires much work. For this, company-specific data
sets should be compiled with the most common transport legs per modality.
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Secondly, in general, the model could be made more usable so that com-
panies can use it as a tool to gain insight into the impact of certain decisions
they are about to make. This has already been discussed with the case ex-
perts in the modal usability meeting. The recommendations that emerged
to make the model more user-friendly are implementing a ’‘sustainability
ranking’, which would be based on all emissions so that all emissions are
no longer shown separately. It is difficult for decision-makers to interpret
the emissions, so it would be desirable that the model has already taken
this interpretation step. In addition, it was noted that all possible options,
including options for pre-and end-haulage legs, are now shown for the case.
However, given the little impact these pre-and end-haulage legs have, it is
recommended to design the model so that only the main-haulage legs are in-
cluded in the analysis. Furthermore, in addition to the "technical dashboard’
which currently shows the inputs and outputs, a "user dashboard’, which
is presented more quickly, i.e. without all emissions separately, but includ-
ing a ’sustainability ranking’, would be recommended to make the model
more usable in practice for decision-makers. If the results are shown more
user-friendly, these results can also be communicated internally within com-
panies. Namely, towards other teams to serve as argumentation for making
the relevant decisions.

Third, it is recommended when the model is put into use by companies to
initiate a continuous improvement of the input portfolio concerning vehicle
types and fuel types as the freight transport sector continues to develop. The
input parameters concerning the emission rates should be updated annually,
using the most recent data.

Finally, other SCD/C decisions can be investigated with the model. Only
the decisions considered relevant for the case study were analysed in this
study, but the model is also suitable for analysing routing or facility location
decisions.

8.3.2 Recommendations for the case-study

Specifically for this case study, it is recommended to consider the outcomes
regarding the impact of the different analysed decisions when deciding upon
transport of the goods. For this case, the outcomes are interpreted in Chap-
ter 7. Within the boundaries of cost and time, the most sustainable decisions
should be made to contribute to society positively. The outcomes can func-
tion as a handle to making these decisions. Therefore it is recommended
to use them in general when deciding upon the transport for this specific
program. If it appears imposing certain fuel types or vehicle types as a re-
quirement at carriers seems difficult, then first focus on the mode selection
decision. This decision turned out to be most crucial when it comes to im-
pact on emissions cost and time.

Besides this, it is recommended to apply this model to every program.
This research shows massive impact can be made on emissions, cost and
time. When the model becomes part of the business process of deciding
upon transportation of goods for every program, the impact on emissions
can be big. In this way, a big contribution to society can be made by mak-
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ing sustainable decisions within the business boundaries. If all companies
started doing this, a big movement in the whole sector could be started.

Finally, it is recommended to keep on updating the model on the latest
emission factors. It could also be an option to back-test the model at some
point. The emissions are calculated based on the distance-based method
in this model, as fuel data was unknown. However, if back-testing of the
model outcomes is desirable, fuel data should be collected. In this way,
after a period of time, the outcomes from the distance-based method can be
compared with the fuel-based method.

8.3.3 Recommendations for decision-makers and the freight transportation
sector

It is recommended for decision-makers within companies to generate knowl-
edge about the impact of decisions they make. The knowledge of costs
and time is already embedded in their business way of thinking. However,
knowledge of emissions and the impact of decisions on them is important
to be updated. This knowledge consists of knowledge about different types
of fuels that exist per modality and knowledge about the harmfulness of
emissions. All decision-makers in supply chains in companies could create
a platform to exchange this information.

However, decision-makers alone cannot improve the freight transport mar-
ket. It requires cooperation in the whole sector. The study showed that some
fuels positively impact emissions, for example, bio-kerosene, but sometimes
these fuels can be costly. This then makes it impossible for companies and
vehicle owners to use these fuels. The whole sector needs to think about
solutions to bring these costs down. Policymakers, fuel producers, vehicle
owners, companies and researchers must work together to bring about this
change. Another example where cooperation in the sector is also needed is
the possibility for companies to choose a certain type of vehicle to transport
their goods. This applies to the modalities maritime, air, inland waterway
and rail. For these modalities, it is currently impossible to influence the type
of vehicle/vessel/aircraft on which goods are transported.

In short, it is not only decision-makers who have to make conscious deci-
sions to solve the problem of emissions in the transport sector, but all those
involved have to initiate a change to make real steps in the right direction.
However, decision-makers can already exert influence by making the most
conscious decision possible within the constraints of the business at that
time in terms of cost and time.
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LITERATURE ANALYSIS TABLE

Table A.1: Literature analysis table

Type of SCD/C decision

Modelling technique

Bauer (2010)

Transport mode selection

Mixed integer non-linear programming (MINLP)

Lam et al.(2010)

Facility location selection

P-median

Harris (2011)

Transport mode selection

Simulation model

Tarek et al. (2011)

Facility location

Mixed integer programming (MIP)

Hoen et al. (2013)

Transport mode selection

Algebraic equation

Hoen et al. (2014)

Transport mode selection

Algebraic equation

Validi et al. (2014)

Routing decision

Multi objective linear programming (MOLP)

Zhu et al. (2014)

Freight management

Algebraic equation

Glock and Kim (2015)

Routing decision

Mixed integer non-linear programming (MINLP)

Huang et al. (2016)

Carbon footprint

Input-Output method

Nouira et al. (2016)

Facility location selection

Mixed integer linear programming (MILP)

Kumar et al. (2016)

Routing decision

Multi objective linear programming (MOLP)

Suzuki (2016)

Routing decision

Mixed integer linear programming (MILP)

Qiu et al. (2017)

Routing decision

Mixed integer linear programming (MILP)

Ameknassi et al. (2016)

Freight management
(logistics outsourcing)

Multi objective linear programming (MOLP)

Rudi et al. (2016)

Freight management
(freight size)

Non-linear function

Chen and Wang (2016)

Transport mode selection

Algebraic equation

Li et al. (2017)

Freight management
(logistics outsourcing)

Algebraic equation

Musavi and Bozorgi-
Amiri (2017)

Routing decision
(location selection)

Mixed integer linear programming (MILP)
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B EMISSION DATA INPUT

Neo Kemp, CEMT III (=DEFAULT)

Rijn-Herne Schip, CEMT IV
Groot Rijnschip, CEMT Va

CCR2 (=DEFAULT)

CCR2 with HVO

CCR2 with GTL

CCR2 with SCR

CCR2 with DPF

CCR2 with SCR & DPF
Stage V kW <300

Stage V kW <300 with HVO
Stage V kW >300

Stage V kW >300 with HVO
LNG pilot <10% Diesel
LNG dual fuel, 20% Diesel
LNG single fuel, SI

BioLNG single fuel, SI

Table B.1: Inland waterway emission data

TTW emissies [g/tkm]
CO,-eq SO, PM, NO,

17.04 0.00011 0.014 0.27
22.29 0.00014 0.012 0.32
15.03 0.00009 0.01  0.22
100% 100% 100% 100%
1% 100% 80%  90%
96% 100% 80%  90%
100% 100% 90%  20%
100% 100% 10%  100%
100% 100% 10%  15%
103% 100% 50%  41%
1% 100% 50%  41%
95% 100% 8% 34%
1% 100% 8% 34%
104% 100% 25%  25%
104% 100% 50%  50%
104% 100% 10%  25%
25% 100% 10%  25%

PMy
(0]
()
o

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

WTW-emissies [g/tkm]

CO,-eq SO, PM, NOy
22.46 0.023 0.014 0.28
29.38 0.03 0.013 0.33
19.81 0.02 0.01  0.23
100% 100% 100% 100%
11% 100% 99%  91%
99% 100% 83%  91%
100% 100% 92%  24%
100% 100% 25%  100%
100% 100% 25%  19%

102% 100% 56%  44%
11% 100% 73%  44%
96% 100% 19%  37%
10% 100% 34%  37%
96% 100% 19%  37%
96% 100% 48%  51%
96% 100% 13%  27%
47% 100% 13%  58%
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PM

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%



Table B.2: Maritime emission data

TTW emissies [g/tkm]

CO,-eq SO,
Containervessel 0-999 TEU 38.3 0.072
Containervessel 1000-1999 TEU 25.5 0.048
Containervessel 2000-2999 TEU 19.2 0.036
Containervessel 3000-4999 TEU (=DEFAULT) | 14.9 0.028
Containervessel 5000-7999 TEU 11.7 0.022
Containervessel 800o-11999 TEU 9.3 0.018
Containervessel 12000-14499 TEU 6.3 0.012
Containervessel 14500-19999 TEU 5.3 0.01
Containervessel 20000+ TEU 4.7 0.009
HFO/MDO (0,5% S) Tier II (=DEFAULT) 100% 100%
HFO/MDO (0,5% S) Tier III 100% 100%
MDO Tier II (0,1% S) 101% 20%
HFO + Scrubber Tier II (0,5% S) 104% 100%
LNG (SI, lean burn) 98% 0.1%
LNG (dual fuel manifold injection) 98% 0.1%
LNG (direct diesel injection) 80% 0.1%
BioLNG (S, lean burn) 0% 0.1%
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WTW-emissies [g/tkm]

PM, NOx PM; CO,-eq SO,
0.0198 082 o 47.4 0.12
0.0132 0.57 O 31.5 0.08
0.0099 0.44 O 23.7 0.06
0.0077 036 0 18.5 0.047
0.0061 029 O 14.5 0.037
0.0048 0.23 0 11.5 0.029
0.0033 0.16 0 7.8 0.02
0.0027 0.13 O 6.5 0.016
0.0024 0.I11 O 5.8 0.015
100%  100% 100% | 100% 100%
100% 27%  100% | 100% 100%
77% 100% 100% | 103% 45%
100%  100% 100% | 97% 100%
10% 36%  100% | 95% 0.2%
68% 36%  100% | 95% 0.2%
68% 36%  100% | 80% 0.2%
10% 36%  100% | 28% 2%

Table B.3: Road emission data

Tractor+trailer, average (=DEFAULT)
Tractor+trailer, city road
Tractor+trailer, country road
Tractor+trailer, highway

LZV, average

LZV, city road

LZV, country road

LZV, highway

Diesel Euro VI (=DEFAULT)

Diesel Euro V

Diesel Plug-in hybride (Euro VI)

GTL Euro V

Biodiesel Euro VI (97% FAME, 3% HVO)
HVO Euro VI

LNG (Euro VI)

BioLNG (Euro VI)

Electric (average mix)

Electric (wind/solar)

Hydrogen

Hydrogen (from wind/solar/hydroelectric electrolysis)

TTW emissies [g/tkm]

CO,-eq
91.9
185.6
116.5
78.1
82.8
167
104.8
703

100%
95%
80%
103%
20/0
2%
97%
6%
0%
0%
0%
0%

SO,
0.0005
0.0011
0.0007
0.0005
0.0005
0.0001
0.0006
0.0004

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

PM,
0.003
0.007
0.004
0.002
0.002
0.005
0.003
0.002

100%
270%
800/0
100%
100%
100%
100%
100%
0%
0%
0%
0%

NOy
0.303
0.63

©L3374)
0.259
0.259
0.539
0.32

0.221

100%
121%
100%
100%
100%
100%
5 0%
5 0%
0%
0%

(0] 0/0
0%

PM;;
0.006
0.01

0.005
0.006
0.006
0.009
0.005
0.006

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%

WTW-emissies [g/tkm]

CO,-eq SO,
120.9 0.124
244.1 0.25

153.2 0.157
102.8 0.105
108.9 0.112
219.6 0.225
137.9 0.141
92.5 0.095
100% 100%
95% 100%
97% 100%
104% 100%
16% 100%
11% 100%
91% 100%
36% 100%
70% 100%
2% 100%
80% 100%
7% 100%

PM,
0.0214
0.0142
0.0107
0.0083
0.0065
0.0052
0.0035
0.0029
0.0026

100%
100%
79%
169%
12%
66%
66%
12%

PM,
0.008
0.016
0.009
0.006
0.006
0.014
0.008
0.005

100%
133%
91%
104%
202%
202%
49%
500/0
480/0
0%
294%
0%

NOy
0.84
0.58
0.45
0.36
0.29
0.24
0.16
0.13
0.11

100%
29%
100%
980/0
37%
37%
37%
360/0

NO,
0.35
0.72
0.43
0.3
0.3
0.62

0.37
0.25

100%
116%
103%
102%
111%
111%
580/0
5 1%
29%
0%
59%
0%

PMy

©O © O O o O o o O

100%
100%
100%
100%
100%
100%
100%
100%

PM;
0.006
0.01

0.005
0.006
0.006
0.009
0.005
0.006

100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
100%
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Table B.4: Air emission data

TTW emissies [g/tkm] WTW-emissies [g/tkm]

CO,-eq SO, PM, NOy PM; CO,-eq SO, PM, NO, PMy
Belly-freight short (<1500km) 712 0.22  0.028 0.0378 0.0184 | 9.1 0.012 0.078 0.042 0.0184
Belly-freight medium (>1500km, <600ookm) | 483 0.15 0.018 2.37 0.0008 | 617 0.82 0.053 2.6 0.0008
Belly-freight long (>600okm) 448 0.14 0.017 2.33 0.0003 | 572 0.76  0.049 2.6 0.0003
Full-freight short (<1500km) 1095 035 0.039 5.86 0.0087 | 1399 1.85 0.118 6.5 0.0087
Full-freight medium (>1500km, <6000okm) | 435 0.14 0.016 1.93 0.0005 | 556 0.73  0.047 2.2 0.0005
Full-freight long (>6000km) 411 0.13 0.014 1.72 0.0003 | 525 0.69 0.044 2 0.0003
Kerosene 100% 100% 100% 100%  100% | 100% 100% 100% 100% 100%
Bio-kerosene 1% 1% 100% 100%  100% | 11% 21%  146% 102% 100%

Table B.5: Rail emission data

TTW emissies [g/tkm] WTW-emissies [g/tkm]

CO,-eq SO, PM, NOx PM; CO,-eq SO, PM, NOy PMy;
Long train (1.270t GTW) electric (E) 0.007  14.6 0.004 0.0005  0.0104 0.007
Extra long train (1.481t GTW) electric (E) 0.0064 13.3 0.004 0.00045 0.0094 0.0064
Long train (1.270t GTW) diesel (D) 20.3 0.00013 0.0066 0.29  0.0069 26.8 0.028 0.00763 0.2979 0.0069
Extra long train (1.481t GTW) diesel (D) 18.4 0.00012 0.006 0.26  0.0063 24.3 0.025 0.00694 0.2707 0.0063
E Electric average mix (=DEFAULT) 100% 100% 100%  100% 100% | 100% 100% 100% 100%  100%
E Renewable electricity, solely wind and solar 100% 100% 100%  100% 100% | 3% 100% 0% 0% 100%
E Renewable electricity, all sources (incl. biomass) | 100% 100% 100%  100% 100% | 7% 100% 36% 19% 100%
E Overvoltage (3 kV (t.o.v. 1.5 kV) 100% 100% 100%  100% 100% | 80% 100% 80% 80% 100%
D Stage IlIb (=DEFAULT) 100% 100% 100%  100% 100% | 100% 100% 100% 100%  100%
D Stage V 100% 100% 100% 95%  100% | 100% 100% 100% 96% 100%
D Stage IIIB HVO 1% 100% 80% 90%  100% | 11% 100% 163% 94% 100%




C FUEL COST DATA INPUT

Table C.1: Road fuel cost

Fuel cost difference

Road options compared to default Source used
fuel type

Diesel Euro VI 100,00%

Diesel Euro V 100,00%

Diesel Plug-in hybride (Euro VI) 80,14% [RVO, 2021]

GTL Euro V 106,37% [ABC Olie, 2021]

Biodiesel Euro VI (97% FAME, 3% HVO) 153,05% [Statista, 2021]

HVO Euro VI 113,38% [Fieten, 2021]

LNG (Euro VI) 50,96% [CBS, 2021]

. o [Groengas Nederland, 2016]
BioLNG (Euro VI) 34,25% [CBS, 2021]
Electric (average mix) 71,36% [RVO, 2021]
Electric (wind/solar) 71,36% [RVO, 2021]
Hydrogen 168,58% [RVO, 2021]
Hydrogen (fr.orn wind/ Sf)lar 168,58% [RVO, 2021]
/hydroelectric electrolysis)

Table C.2: Inland waterway fuel cost

Fuel cost difference
Inland-waterway options compared to default Source used

fuel type
CCR2 100,00%
CCR2 with HVO 331,50% [TNO, 2020]
CCR2 with GTL 106,37% [ABC Olie, 2021]
CCR2 with SCR 100,00%
CCR2 with DPF 100,00%
CCR2 with SCR & DPF 100,00%
Stage V kW <300 100,00%
Stage V kW <300 with HVO  331,50% [TNO, 2020]
Stage V kW >300 100,00%
Stage V kW >300 with HVO  331,50% [TNO, 2020]
LNG pilot <10% Diesel 79,21% [Pitpoint, 2018]
LNG dual fuel, 20% Diesel 82,86% [Pitpoint, 2018]
LNG single fuel, SI 78,57% [Pitpoint, 2018]
BioLNG single fuel, SI 52,81% [Pitpoint, 2018]

[Groengas Nederland, 2016]
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Table C.3: Maritime fuel cost

Fuel cost difference

Maritime options compared to default Source used
fuel type

HFO/MDO (0,5% S) Tier II 100,00%

HFO/MDO (0,5% S) Tier III 100,00%

MDO Tier 11 (0,1% S) 109,78% [TNO, 2011]
HFO + Scrubber Tier II (0,5% S) 90,22% [TNO, 2011]
LNG (8], lean burn) 78,57% [Pitpoint, 2018]
LNG (dual fuel manifold injection) 76,71% [TNO, 2011]
LNG (direct diesel injection) 69,68% [TNO, 2011]

[Pitpoint, 2018]

BioLNG (SI, lean burn) 52,81% [Groengas Nederland, 2016]

Table C.4: Rail fuel cost

Fuel cost difference

Rail options compared to default Source used
fuel type

E Electric average mix 100,00%

E Renewable electricity, solely wind o
100,00%

and solar

E Renewable electricity, all sources
(incl. biomass)

E Overvoltage (3 kV (t.o.v. 1.5 kV) 100,00%

D Stage IlIb 140,13% [RVO, 2021]
D Stage V 140,13% [RVO, 2021]
[RVO, 2021]
[Fieten, 2021]

100,00%

D Stage IIIB HVO 158,88%

Table C.5: Air fuel cost

Fuel cost difference

Air options  compared to default Source used
fuel type

Kerosene 100,00%

Bio-kerosene 250,00% [Schiphol, 2021]



SCENARIO ANALYSIS

D.1 SCENARIO OVERVIEW
Table D.1: Scenario overview
CHN flow FRA flow PRT flow
Ci1 F1 P1 Maritime Road Road Road
Ci F1 P2 Maritime Road Road Road Rail Road
Ci1 F1 P3 Maritime Road Road Road Maritime Road
C1 F2 P1 Maritime Road Road Rail Road Road
Ci F2 P2 Maritime Road Road Rail Road Road Rail Road
Ci1 F2 P3 Maritime Road Road Rail Road Road Maritime Road
Ci1 F3 P1 Maritime Road Road Maritime Road Road
Ci1 F3 P2 Maritime Road Road Maritime Road Road Rail Road
Ci F3 P3 Maritime Road Road Maritime Road Road Maritime Road
C2 F1 P1 Maritime Inland Road Road Road
C2 F1 P2 Maritime Inland Road Road Road Rail Road
C2 F1 P3 Maritime Inland Road Road Road Maritime Road
C2 F2 P1 Maritime Inland Road Road Rail Road Road
Cz2 F2 P2 Maritime Inland Road Road Rail Road Road Rail Road
C2 F2 P3 Maritime Inland Road Road Rail Road Road Maritime Road
C2 F3 P1 Maritime Inland Road Road Maritime Road Road
C2 F3 P2 Maritime Inland Road Road Maritime Road Road Rail Road
C2 F3 P3 Maritime Inland Road Road Maritime Road Road Maritime Road
C3 F1 P1 Road Rail Inland Road Road Road
C3 F1 P2 Road Rail Inland Road Road Road Rail Road
C3 F1 P3 Road Rail Inland Road Road Road Maritime Road
C3 F2 P1 Road Rail Inland Road Road Rail Road Road
C3 F2 P2 Road Rail Inland Road Road Rail Road Road Rail Road
C3 F2 P3 Road Rail Inland Road Road Rail Road Road Maritime Road
C3 F3 P1 Road Rail Inland Road Road Maritime Road Road
C3 F3 P2 Road Rail Inland Road Road Maritime Road Road Rail Road
C3 F3 P3 Road Rail Inland Road Road Maritime Road Road Maritime Road
C4 F1 P1 Road Rail Road Road Road
C4 F1 P2 Road Rail Road Road Road Rail Road
C4 F1 P3 Road Rail Road Road Road Maritime Road
Cq4 F2 P1 Road Rail Road Road Rail Road Road
C4 F2 P2 Road Rail Road Road Rail Road Road Rail Road
Cq4 F2 P3 Road Rail Road Road Rail Road Road Maritime Road
C4 F3 P1 Road Rail Road Road Maritime Road Road
C4 F3 P2 Road Rail Road Road Maritime Road Road Rail Road
C4 F3 P3 Road Rail Road Road Maritime Road Road Maritime Road
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Table D.2: Scenario overview
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CHN flow FRA flow PRT flow
Cs F1 P1 Road Air Inland Road Road Road
Cs F1 P2 Road Air Inland Road Road Road Rail Road
Cs F1 Pj3 Road Air Inland Road Road Road Maritime Road
Cs F2 P1 Road Air Inland Road Road Rail Road Road
Cs F2 P2 Road Air Inland Road Road Rail Road Road Rail Road
Cs F2 Pj3 Road Air Inland Road Road Rail Road Road Maritime Road
Cs F3 P1 Road Air Inland Road Road Maritime Road Road
Cs F3 P2 Road Air Inland Road Road Maritime Road Road Rail Road
Cs F3 Pj3 Road Air Inland Road Road Maritime Road Road Maritime Road
C6 F1 P1 Road Air Road Road Road
C6 F1 P2 Road Air Road Road Road Rail Road
C6 F1 P3 Road Air Road Road Road Maritime Road
C6 F2 P1 Road Air Road Road Rail Road Road
C6 Fz2 P2 Road Air Road Road Rail Road Road Rail Road
C6 F2 P3 Road Air Road Road Rail Road Road Maritime Road
C6 F3 P1 Road Air Road Road Maritime Road Road
C6 F3 P2 Road Air Road Road Maritime Road Road Rail Road
C6 F3 Pj3 Road Air Road Road Maritime Road Road Maritime Road
D.2 CASE INPUT
Table D.3: O/D CHN flow alternatives per transport leg
Origin Destination
Transport leg name  Mode Place Country Place Country
C1.1Maritime Maritime Xingang CHN Rotterdam  NLD
C1.2Road Road Rotterdam  NLD Drunen NLD
C1
C2.1Maritime Maritime Xingang CHN Rotterdam  NLD
C2.2Inland waterway Inland waterway Rotterdam  NLD Waalwijk NLD
C2.3Road Road Waalwijk NLD Drunen NLD
Cz2
C3.1Road Road Xingang CHN Chengdu CHN
C3.2Rail Rail Chengdu CHN Tilburg CHN
C3.3Inland_waterway Inland_waterway Tilburg NLD Waalwijk NLD
C3.4Road Road Waalwijk NLD Drunen NLD
C3
C4.1Road Road Xingang CHN Chengdu CHN
C4.2Rail Rail Chengdu CHN Tilburg CHN
C4.3Road Road Tilburg NLD Drunen NLD
C4
Cs.1Road Road Xingang CHN Beijing CHN
Cs.2Air Air Beijing CHN Amsterdam NLD
Cs.3Inland_waterway Inland_waterway Amsterdam NLD Waalwijk NLD
Cs.4Road Road Waalwijk NLD Drunen NLD
Cs
Cé6.1Road Road Xingang CHN Beijing CHN
C6.2Air Air Beijing CHN Amsterdam NLD
C6.3Road Road Amsterdam NLD Drunen NLD

C6
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Table D.4: O/D FRA flow alternatives per transport leg

Origin

Transport leg name Mode Place Country
F1Road Road Chateauroux FRA
F1

F2.1Road Road Chateauroux FRA
F2.2Rail Rail Bonneuil-sur-Marne FRA
F2.3Road Road Tilburg NLD
F2

F3.1Road Road Chateauroux FRA
F3.2Maritime Maritime Le Havre FRA
F3.3Road Road Dordrecht NLD
F3

Table D.5: O/D PRT flow alternatives per transport leg

Transport leg name

P1Road

P1

P2.1Road
P2.2Rail
P2.3Road

P2

P3.1Road
P3.2Maritime
P3.3R0ad

P3

Origin

Mode Place Country
Road Mortagua PRT
Road Mortagua PRT

Rail Vigo ESP
Road Pernis NLD
Road Mortagua PRT
Maritime Aveiro PRT
Road Dordrecht NLD

Destination
Place Country
Drunen NLD
Bonneuil-sur-Marne FRA
Tilburg NLD
Drunen NLD
Le Havre FRA
Dordrecht NLD
Drunen NLD
Destination

Place Country

Drunen NLD

Vigo ESP

Pernis NLD

Drunen NLD

Aveiro PRT

Dordrecht NLD

Drunen NLD

Table D.6: Vehicle & fuel type CHN flow alternatives per transport leg

Transport leg name
C1.1Maritime
C1.2Road

C1

C2.1Maritime
C2.2Inland _waterway
C2.3Road

Cz2

C3.1Ro0ad

C3.2Rail
C3.3Inland_waterway
C3.4Road

C3

C4.1Road

C4.2Rail

C4.3Road

Cs

Cs.1Road

Cs.2Air

Cs.3Inland _waterway
Cs.4Road

Cs

C6.1Road

C6.2Air

C6.3Road

Cé

Vehicle-type, road/waterway-type
Containervessel 3000-4999 TEU
Tractor+trailer, average

Containervessel 3000-4999 TEU
Neo Kemp, CEMT III
Tractor+trailer, average

Tractor+trailer, average

Extra long train (1.481t GTW) electric
Neo Kemp, CEMT III

Tractor+trailer, average

Tractor+trailer, average
Extra long train (1.481t GTW) electric
Tractor+trailer, average

Tractor+trailer, average
Full-freight long (>6000okm)
Neo Kemp, CEMT III
Tractor+trailer, average

Tractor+trailer, average
Full-freight long (>6000km)
Tractor+trailer, average

Fuel/technique-type
HFO/MDO (0,5% S) Tier II
CCR2

HFO/MDO (0,5% S) Tier II
CCR2
Diesel Euro VI

Diesel Euro VI

E Electric average mix
CCR2

Diesel Euro VI

Diesel Euro VI
E Electric average mix
Diesel Euro VI

Diesel Euro VI
Kerosene
CCR2

Diesel Euro VI

Diesel Euro VI
Kerosene
Diesel Euro VI
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Table D.7: Vehicle & fuel type FRA flow alternatives per transport leg

Transport leg name

F1iRoad

F1

F2.1Road
F2.2Rail
F2.3Road

F2

F3.1Road
F3.2Maritime
F3.3Road

F3

Vehicle-type, road/waterway-type

Tractor+trailer, average

Tractor+trailer, average

Extra long train (1.481t GTW) electric

Tractor+trailer, average

Tractor+trailer, average
Containervessel 0-999 TEU
Tractor+trailer, average
Neo Kemp, CEMT III

Fuel/technique-type

Diesel Euro VI

Diesel Euro VI

E Electric average mix

Diesel Euro VI

Diesel Euro VI
HFO/MDO (0,5% S) Tier IT
Diesel Euro VI
CCR2

Table D.8: Vehicle & fuel type PRT flow alternatives per transport leg

Transport leg name Vehicle-type, road/waterway-type

P1Road

P1

P2.1Road
P2.2Rail
P2.3Road

P2

P3.1Road
P3.2Maritime
P3.3Ro0ad

P3

Product name
CHINA Cast Iron braiser 26 cm

Cast Iron Casserole 24cm round 35,5

Product name

Product name

Round storage with lid o,6L
Round storage with lid 1.1L
Square storage 2 L
Rectangular storage 2.6L
Rectangular storage 4L
Pasta box 0.8L

FRANCE

Rectangular storage with valve 0,8L 35,1
Rectangular storage with valve 1.7L. 38,3

Length [cm]
PORTUGAL Mini cocotte 37

Tractor+trailer, average

Tractor+trailer, average

Extra long train (1.481t GTW) electric

Tractor+trailer, average

Tractor+trailer, average
Containervessel 0-999 TEU
Tractor+trailer, average
Neo Kemp, CEMT III

Fuel/technique-type

Diesel Euro VI

Diesel Euro VI

E Electric average mix

Diesel Euro VI

Diesel Euro VI
HFO/MDO (0,5% S) Tier IT
Diesel Euro VI
CCR2

Table D.9: Product data CHN products

Length [cm] Width [cm] Height [cm] CM3
38 355 25,5 343995
33,2 32 37715,2

Weight [kgl

12,5
12,34

Table D.10: Product data PRT products

Width [em]
26 9

Height [cm]

CM3 Weight [kg]

8658 4,5

Table D.11: Product data FRA products

Length [cm] Width [ecm] Height [em] CM3
33,6 26,6 14 12512,64
32,6 20,6 6,9 4633,764
29,9 21,3 21,9 13947453
40 26,3 21,6 22723,2
29,1 24 29,3 20463,12
39,1 26,4 14,2 14657,808
21,7 17,2 13100,724
26,7 21,2 21679,332

Weight [kg]

3,56
2,62
4,1

7,17
5,92
4,2

3,85
5,23

Planned OQ Pieces per box

93312 2
103760 2

Planned OQ Pieces per box
91302 6

Planned OQ Pieces per box
126000 8

184032
203320
242100
203346
184086
184140
203400
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C1
C1
C1
C1
C1
C1
C1
C1
C1

F1
F1
F1
F2
F2
F2
F3
F3
F3

F1
F1
F1
F2
F2
F2
F3
F3
F3

F1
F1
F1
F2
Fa
F2
F3
F3
F3

F1
F1
F1
F2
F2
F2
F3
F3
F3

F1
F1
F1
F2
F2
F2
F3
F3
F3

F1
F1
F1
F2
F2
F2
F3
F3
F3

D.3 CASE OUTPUT |

Table D.12: Output all scenarios combined

Total emissions (WTW)

CO,-eq SO,
[ton]  [kg]
737 1,565
729 1,556
729 1,568
723 1,544
716 1,535
716 1,547
710 1,608
703 1,600
703 1,611
726 1,554
719 1,546
719 1,557
713 1,534
705 1,525
706 1,537
700 1,598
693 1,589
693 1,601

PM,
[kgl
253
255

253

NOy
[kgl
10,983
10,958
11,063
10,924
10,898
11,004
11,602
11,576
11,682

10,979
10,953
11,058
10,919
10,893
10,999
11,597
11,572
11,677

PMg;
[kg]

10

5
14
5

Cost
[x1000 euro]

€ 667
€ 661
€654
€ 657
€651
€644
€599
€592
€586

€ 666
€ 660
€653
€ 657
€ 650
€643
€598
€592
€585

Time
[days]

m2 forest area for
CO, compensation”
17,964
17,784
17,791
17,634
17,453
17,460
17,322
17,141
17,148

17,717
17,536
17,543
17,386
17,205
17,212
17,074
16,893
16,900

15,624
15,443
15,450
15,293
15,112
15,119
14,981
14,800
14,807

15,593
15,412
15,419
15,262
15,082
15,088
14,950
14,770
14,776

128,334
128,153
128,160
128,003
127,823
127,829
127,691
127,511
127,517

128,232
128,052
128,058
127,902
127,721
127,728
127,590
127,409
127,416

a in a period of 50 years, where the following is assumed: 4.6 tonnes of CO,/hectare/year is
captured in the first 10 years after planting the forest area and 9.1 tonnes of CO, /hectare/year
is captured in the subsequent years, leading to the capturing of 410 CO, /hectare in a period

of 50 years [Boosten et al., 2020]
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SENSITIVITY ANALYSIS OUTPUT

Table E.1: Sensitivity analysis table output on transport emissions, cost and time

Base (100%)

Distance 90%

Distance 110%

Cargo weight 90%

Cargo weight 110%

#containers 90%

#containers 110%

Average speed 90%

Average speed 110%
#transshipment movements 9go%
#transshipment movements 110%
#KkWh per movement 90%

#KkWh per movement 110%
Emissionfactor containervessel
3000-5000TEU, WTW CO,-eq. 90%
Emissionfactor containervessel
3000-5000TEU, WTW CO,-eq. 110%
Emissionfactor containervessel
3000-5000TEU, WTW SO, 90%
Emissionfactor containervessel
3000-5000TEU, WTW SO,. 110%

Transport emissions (WTW)

CO,-eq SO,
[ton]  [kg]
553 1,377
500 1,241
606 1,512
500 1,241
606 1,512
500 1,241
606 1,512
553 1,377
553 1,377
553 1,377
553 1,377
553 1,377
553 1,377
500 1,377
606 1,377
553 1,241
553 1,512

PM,
[kg]
241
217
265
217
265
217
265
241
241
241
241
241
241

241
241
241

241

NOy
[kgl
10,452
9,412
11,492
9,412
11,492
9,412
11,492
10,452
10,452
10,452
10,452
10,452
10,452

10,452
10,452
10,452

10,452

PMy
[kgl

HoR R R KR R R R R R R R R

[y

Cost
[x1000 euro]
€55
€52
€59
€52
€59
€52
€59
€55
€55
€55
€55
€55
€55

€55
€55
€55

€55

Time
[days]
40
36
44
40
40
40
40
45
37
40
40
40
40

40
40
40

40
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Transport emissions (WTW) COy-eq [ton]

SENSITIVITY ANALYSIS OUTPUT |

Transport emissions (WTW) SO, [kg]

Emissionfactor containes 1 3000-5000TEU, WTW SO2. 110%

Emissionfactor containervessel 3000-5000TEU, WTW SO2. 110%

Emissionfactor containervessel 3000-5000TEU, WTW SO2 90%

Emissionfactor containervessel 3000-5000TEU, WTW SO2 90%

Emissionfactor container

21 3000-5000TEU, WTW CO2-eq. 110%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

#kWh per movement 110%

#kWh per movement 110%

#KkWh per movement 90%

#kWh per movement 90%

#transshipment movements 110%

#transsh s 110%

81

#t 90%

#transshipment movements 90%

Average speed 110%

Average speed 110%

Average speed 90%
#containers 110%

Average speed 90%

90%

#containers 110%

#containers 90%

Cargo weight 110%

Cargo weight 90%

Cargo weight 110%

Distance 110%

Cargo weight 90%

Distance 90%

Distance 110%
Distance 90%

Base (100%)

Base (100%) 0 200 400 600 80 1000 1200 1400
0 100 200 300 400 500 600 700 WSO, [ke]
Transport emissions (WTW) PM, [kg] Transport emissions (WTW) NO, [kg]
Emissionfactor containervessel 3000-5000TEU, WTW SO2. 110% Emissionfactor containervessel 3000-5000TEU, WTW SO2. 110%
Emissionfactor containervessel 3000-5000TEU, WTW SO2 90% Emissionfactor containervessel 3000-5000TEU, WTW SO2 90%
Emissionfactor containervessel 3000-5000TEU, WTW CO2-cq. 110% Emissionfactor containervessel 3000-3000TEU, WTW CO2-eq. 110%
Enmissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90% Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%
#KkWh per movement 110% #KWh per movement 110%
#KWN per movement 90% #KWh per movement 90%
#transsh s 110% #transshipment movements 110%
#transsh 90% #transshi 90%
Average speed 110% Average speed 110%
Average speed 90% Average speed 90%
# s 110% ntainers 110%
#containers 90% ntainers 90%
Cargo weight 110% Cargo weight 110%
Cargo weight 90% Cargo weight 90%
Distance 110% Distance 110%
Distance 90% Distance 90%
Base (100%) Base (100%)
0 50 100 150 200 250 300 0 2000 4000 6000 8000 10,000 12,000

WP, [kg

Figure E.1: Sensitivity analysis output on transport emissions

Emissionfactor containerv

Emissionfactor containervessel 3000-

#transshipment movements 110%
t 90%

3000-5000TEU, WTW SO2. 110%
Emissionfactor containervessel 3000-5000TEU, WTW SO2 90%
Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%

Cost [x1000 eur

5000TEU, WTW C02-eq. 90%
#KWh per movement 110%
#KkWh per movement 90%

Average speed 110%

Average speed 90%

#containers 110%
s 90%

Cargo weight 110%
Cargo weight 90%
Distance 110%
Distance 90%

Base (100%)

€46 €48 €54 €56 €58

B Cost [x1000 euro]

Figure E.2: Sensitivity analysis output on cost

Emissionfactor containervessel

Emissionfactor containervessel 3000-5000TEU, WTW SO2 90%
essel 3000-
Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

Emissionfactor container:

Time [days]

3000-5000TEU, WTW SO2. 110%

00TEU, WTW CO2-eq. 110%

-500

#kWh per movement 110%
#KkWh per 90%
#transshipment movements 110%

#transshipment movements 90%

Average speed 110%

Average speed 90%

#containers 110%

#containers 90%
Cargo weight 110%
Cargo weight 90%
Distance 110%
Distance 90%

Base (100%)

0 5 10 15 20 25 30

W Time [days]

Figure E.3: Sensitivity analysis output on time

€60

B NO, [kg)

1,600

14,000



Table E.2: Sensitivity analysis table output on transshipment emissions

Base (100%)

Distance 90%

Distance 110%

Cargo weight 90%

Cargo weight 110%

#containers 90%

#containers 110%

Average speed 90%

Average speed 110%
#transshipment movements 90%
#transshipment movements 110%
#kWh per movement 90%

#kWh per movement 110%
Emissionfactor containervessel
3000-5000TEU, WTW CO,-eq. 90%
Emissionfactor containervessel
3000-5000TEU, WTW CO,-eq. 110%
Emissionfactor containervessel
3000-5000TEU, WTW SO, 90%
Emissionfactor containervessel
3000-5000TEU, WTW SO,. 110%

Transshipment emissions

CO,-eq NOy

[kg] [g]

2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182
2,578 9,164
3,150 11,200
2,578 9,164
3,150 11,200
2,864 10,182
2,864 10,182
2,864 10,182
2,864 10,182

PM,,
[g]
547
547
547
547
547
547
547
547
547
492
602

492
602

547
547
547

547

SO,
[g]
144
144
144
144
144
144
144
144

144
129

158
129
158

144
144
144

144
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Transshipment emissions COz-eq [kg]

Emissionfactor containervessel 3000-5000TEU, WTW SO2. 110%

SENSITIVITY ANALYSIS OUTPUT |

Transshipment emissions NOx [g]

Emissionfactor containervessel 3000-5000TEU, WTW 802 90%

Emissionfactor containervessel 3000-5000TEU, WTW SO2. 110%
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ssel 3000-5000TEU, WTW S02 90%

Emissionfactor container

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

kWh per movement 110%

#kWh per movement 110%

#KWh per movement 90%

#KWh per movement 90%

Htransship s 110%

110%

#transshipment movements 90%

5 90%

Average speed 110%

Average speed 110%

Average speed 90%

Average speed 90%

s 110%

tainers 90%

#tcontainers 110%

#containers 90%

Cargo weight 110%

Cargo weight 110%

Cargo weight 90%
Distance 110%

Cargo weight 90

Distance 110%

Distance 90%
Base (100%)

Distance 90%

0 500 1,000 1,500

B Transshipment emissions COs-eq [kg

Transshipment emissions PM, [g]

sel 3000-5000TEU, WTW S02. 110%

Base (100%)

2,000 2,500 3,000 3,500 0 2,000 1,000

B Transshipment emissions NO [g]

Transshipment emissions SO, [g]

Emissionfactor containerv

Emissionfactor containervessel 3000-5000TEU, WTW S02 90%

Emissionfactor containervessel 3000-3000TEU, WTW S02. 110%
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Emissionfactor containerves

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%
Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%

Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 90%

#KWh per movement 110%

#KkWh per movement 110%

#kWh per movement 90%
#transsk s 110%

#kWh per movement 90%

t s 110%

#transshipment movements 907

#transsk s 90%

Average speed 110%

Average speed 110%

Average speed 90

Average speed 90%

#tcontainers 110%

ntainers 110%

#containers 90%
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Figure E.4: Sensitivity analysis output on transshipment emissions

Emissionfactor containery

Emissionfactor containerve

E

el 3000-5000TEU, WTW SO2. 110%
sel 3000-5000TEU, WTW SO2 90%
Emissionfactor containervessel 3000-5000TEU, WTW CO2-eq. 110%
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m? forest area for CO, compensation
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Figure E.5: Sensitivity analysis output on m? of forest area for CO, compensation
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VALIDATION AND MODEL-USABILITY
MEETING

F1 MEETING INTRODUCTION

"The emission model is designed to provide insight into the emissions, costs
and time for each loyalty programme. As it concerns a scientific research, the
idea was to also do a business case study to see how the model works. The
specific case has become the programme for retailer x. In the programme
for retailer x, there are in fact three flows, because the products come from
China, Portugal and France. For this, I created a scenario planning with 6
options for the China flow, 3 for Portugal and 3 for France. I have already
heard from the last update that it is not necessary to be as specific, for exam-
ple, that in the case of the China flow a number of options could be removed
if this model were really applied, but we will talk about this in more detail
later. The model works in such a way that you get to see the output per
scenario and also per combination of the scenarios of the three flows, so that
you could view the output of the entire programme. The output consists of
the three criteria of the model, namely emissions, costs and time. Per output
column there are colours given to visualise what is good (green), less good
(yellow) and least good (red), this applies per emission but also for the costs,
time and m? of forest area for CO, compensation.

The emissions are calculated on the basis of the travelled distance, type
of vehicle, type of fuel, number of containers, cargo weight and so-called
emission factors. The costs are based on a study by Panteia for the national
government. The government uses this for all its calculations within the
transport domain. However, these are not the transport prices. But the
ratios are correct, which I also want to check with you today. The transit
times are based on assumptions and today I want to check with you to what
extent this corresponds to the truth. I had already heard that for example
the train from China to the Netherlands would be 15 days too short. From
Caroz I received a dataset to validate the transport times.

In terms of usability, I want to secure all tabs in the future so that only
one sheet, the dashboard, is visible. For this, only a few things would need
to be entered: the programme data (from the pallet plan), the number of
containers per delivery (from the delivery planning) and the information
per flow (locations suppliers, locations warehouses client). But I also want to
use this meeting to see how you would ideally like the model to look, based
on what is already there. Also the question what the dashboard should
specifically look like.

The output of the model that we discuss in this validation meeting is the
same output used for the scenario analysis. So specifically, the scenarios
regarding the inbounds of the loyalty program used for the case study are
discussed in this meeting. It is sufficient to only discuss the inbounds as
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the inbounds are calculated in the same way as the outbounds and returns
because the input used in the model is the same. But for the outbounds and
returns I do want to make some assumptions, I want to go through these
with you and check them.”

F.2 MEETING RESPONSE

After the introduction and showing the emission model in Excel, the first
reaction was mainly that |the dashboard is not clear . After showing all the
input that needs to be entered per leg, the reaction was also that they found
some pre- and end-haulage legs redundant , for example the legs from Waal-
wijk to Drunen. But the case-experts thought it would be useful to calculate
this and then see the share per leg from the output and develop the final
model in such a way that lonly the main-haulage is considered. To come
back to this so-called "utility model’, this idea came about during the valida-
tion meeting. The current model was called the "technical model’, which
is good for research and the results of which are very useful and help-
ful to have. But for future use they would prefer a model that is a little
more user-friendly and therefore also [contains some simplifications com-
pared to the technical model. The biggest simplification is to only calcu-
late the /main haulage per scenario (leaving the pre- and end-haulage out of
consideration). Another adjustment that was mentioned to make the model
more applicable is to visualise the emissions as a whole, for example by
means of a kind of 'sustainability ranking , instead of all individual emis-
sions.

Moving on to the numbers for validation, the case experts noticed that the

output regarding times does not quite correspond to the times occuring in

reality. They suggest adjusting the assumptions on the input used to calcu-
late the times so that it is more in line with reality. At the moment it seems to
them that the train times are too short and the maritime times are too long,
the times of the other modalities they find realistic. The input on which these
times are calculated for these two modalities (train and maritime) should be
adjusted and re-validated with the case experts.

The case-experts find it a correct way to calculate the costs with the data of

Panteia. They understand that it does not concern transport prices but costs
and are aware of the difference. However, they find the supply and demand
principle behind the transport prices interesting and therefore propose to
see the output in scenarios in the utility-model , i.e. a scenario with a lot of
supply and little demand and vice versa. According to the case-experts, the
cost ratios compared for the various modes of transport do seem proportion-
ate. A validation with data from Caroz, the carrier that books the transports
for L and has provided a complete dataset with cost and time data, seems
useful to the case-experts. This validation step still needs to take place.

What struck the case experts is that all emissions at C5 and C6 are so high,

except for PMsl. They wondered why and are curious to know the reason
behind this. Furthermore, they find showing the output on m* of forest area
for CO, compensation a the good way for the imagination of what such a
number of tonnes of emissions mean in reality. The case experts stated it
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F.2 MEETING RESPONSE |

makes the numbers more tangible to them. They find the difference between
maritime, C1 and C2, and rail, C3 and C4, remarkably small and are happy
that their base-case scenario is not so bad after all.

Regarding the assumptions for outbounds, returns and transshipments,
the case-experts agreed that the returns are normally calculated at [10%..
So it can be assumed that 10% of all goods delivered to the customer are
returned. The assumption that this is equally distributed from the four
locations of the distribution centre of the client is approved by the case-
experts. For the outbound flows, a similar assumption is approved by the
case-experts. Namely to distribute the inbound flows equally among the
four distribution centres of the customer, so that each outbound flow is |25%
of the total inbound flows.

Regarding the overall value of the model, the case experts were pleased to
get insights in this way of especially emissions. The fact that the outcomes
function as one overview of all options per decision, would help them in
making well-thought decisions. Once the model is made mode user-friendly
the case-experts want to use the model in their business processes.

86



CARRIER MEETING

G.1 MEETING INTRODUCTION

As part of my master thesis project, I am developing an emission model that
provides insight into the emissions, costs and time of a certain transport,
with a certain origin, destination and some other input. I am doing the
case study for L in order to test the model in practice and to ultimately
investigate what impact scdc decisions, such as mode selection, fuel type
selection, routing decisions, have on emissions, costs and time.

Since you are the platform that tenders and books the transports for L, I
have a number of questions and topics that I would like to raise to investigate
what is possible in the market. This concerns questions about your way of
doing business, for example, what criteria you impose on transporters or
plan to impose in the future because I have heard that you are also planning
to take more account of sustainability. In addition, therefore, I would also
like to ask whether you currently impose certain requirements on carriers,
for example in terms of fuel type and, if so, whether it is possible that such
requirements will be imposed. Furthermore, with regard to the type of
vehicle, the question is, for example, when maritime transport is booked,
is there a possibility to choose a certain vessel (large vs. small container
vessel)? Finally, I have a request regarding data on costs and lead times of
transports. If you have a dataset with booked transports and their costs and
lead times, so I can validate my model with realistic data.

G.2 MEETING RESPONSE

Firstly, the emission model was received as particularly interesting. In terms
of the answers that were sought, the following information passed.
Concerning the inspection of fuel, or requirements for fuel use on the
part of carriers, this was considered to be |[difficult|. They can request this
information, so in that sense something may be possible, but it is junusual
to do so when a transport is about to be booked. But getting insight into
the type of propulsion, i.e. the different types of engines, is something that
can be achieved in reality. If they deal with a client who wants, for example,
only trucks with a certain type of engine to be used, the pool of carriers that
they put out a tender for a particular transport is in fact [reduced . So it
will probably come down to a limitation if you use this requirement, which
may also have an effect on the costs|. As far as the type of ship is concerned,
there are enormous parties active within the maritime shipping industry and
it is [impossible to exert any influence on them. However, the sector itself is
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G.2 MEETING RESPONSE |

improving through guidelines that are set for vessels or for sailing speeds in
certain areas.

As for the data to be used for validation, they can provide some old data
from which averages can be drawn. In this data set, the costs and estimated
time of departure and arrival will be given, so you can calculate the lead
time yourself.
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H DECISION ANALYSIS OUTPUT

Table H.1: Impact of choosing rail or air versus maritime transport for the CHN
flow of goods on transport emissions, cost and time

Transport emissions (WTW)

m? forest area for
CO, compensation
Rail vs. Maritime (=100%)  83% 25%  10% 9%  16330% 985%  39% 84%
Air vs. Maritime (=100%) 926%  485% 176% 185%  852%  3541% 10% 921%

CO,-eq SO, PM, NOy PMg Cost Time

Table H.2: Impact of choosing rail or short-sea versus road transport for the FR flow
of goods on transport emissions, cost and time

Transport emissions (WTW)

m? forest area for
CO, compensation
Rail vs. Road (=100%) 92% 88% 89%  88% 141% 94% 300% 95%
Short-sea vs. Road (=100%)  84% 125% 247% 227% 56% 57% 303% 88%

CO,-eq SO, PM, NOx PMy Cost Time

Table H.3: Impact of choosing rail or short-sea versus road transport for the PRT
flow of goods on transport emissions, cost and time

Transport emissions (WTW)

2
CO,eq SO, PM, NO, PM, Cost Time m? forest area f'or
CO, compensation

Rail vs. Road (=100%) 54% 46%  48%  45% 153% 58% 326% 55%
Short-sea vs. Road (=100%)  55% 118% 303% 273% 13% 14% 409% 56%
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Table H.4: Output road transport with different fuel/engine types for the FR flow
of goods in transport emissions, cost and time

Diesel Euro VI (=100%)

Diesel Euro V

Diesel Plug-in hybride (Euro VI)

GTL Euro V

Biodiesel Euro VI (97% FAME, 3% HVO)
HVO Euro VI

LNG (Euro VI)

BioLNG (Euro VI)

Electric (average mix)

Hydrogen

Transport emissions (WTW)

CO,-eq
[ton]
168
159
163
174
27
18
152
60
117
134

50, PM, NO

[kgl [kgl [kgl

172
172
172
172
172
172
172
172
172
172

11
15
10
12
22
22

5

6

5
33

485
563
500
495
539
539
281
247
141
286

PMy,

H
® ® ®®®® PP PR

|

Cost

[x1000 euro]

€1
€1
€1
€1
€1
€1

59
59
55
61
72
63

€ 148
€144

€1
€1

53
76

Time
[days]
1

R R R R R R R R R

m? forest area for
CO, compensation
4191
3986
4068
4354
757
553
3823
1575
2964
3373

Table H.5: Impact of choosing different fuel/engine types with road transport for
the FR flow of goods on transport emissions, cost and time

Diesel Euro V

Diesel Plug-in hybride (Euro VI)

GTL Euro V

Biodiesel Euro VI (97% FAME, 3% HVO)
HVO Euro VI

LNG (Euro VI)

BioLNG (Euro VI)

Electric (average mix)

Hydrogen

Transport emissions (WTW)

CO,-eq

95%
97%
104%
16%
11%
91%
360/0
700/0
80%

SO,

100%
100%
100%
100%
100%
100%
100%
100%
100%

PM,

133%
91%
104%
202%
202%
49%
50(70
480/0
294%

NOy

116%
103%
102%
111%
111%
58(70
51(70
29%
59%

PMy

100%
100%
100%
100%
100%
100%
100%
100%
100%

Cost

100%
97%
101%
108%
102%
93%
90%
960/0
110%

Time

100%
100%
100%
100%
100%
100%
100%
100%
100%

m? forest area for
CO, compensation
95%

97%

104%

18%

13%

910/0
38%

710/0
80%

Table H.6: Output maritime transport with different fuel /engine types for the CHN
flow of goods in transport emissions, cost and time

HFO/MDO (0,5% S) Tier II (=DEFAULT)
HFO/MDO (0,5% S) Tier III

MDO Tier II (0,1% S)

HFO + Scrubber Tier II (0,5% S)

LNG (S], lean burn)

LNG (dual fuel manifold injection)

LNG (direct diesel injection)

BioLNG (SI, lean burn)

Transport emissions (WTW)

CO,-eq
[ton]
553
553
569
537
526
526
446
168

SO,
[kg]
1377
1377
630
1377
22
22
22

46

PM, NOy
[kg] [kgl
241 10452
241 3069
191 10452
406 10244
30 3901
159 3901
159 3901
30 3797

Cost
[x1000 euro]

€55
€55
€56
€54
€53
€53
€52
€50

Time
[days]
40
40
40
40
40
40
40
40

m? forest area for
CO, compensation

13557
13557
13948
13166
12906
12906
10951
4174
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Table H.7: Impact of choosing different fuel/engine types with maritime transport
for the CHN flow of goods on transport emissions, cost and time

Transport emissions (WTW)

m? forest area for

CO,eq SO, PMy NOx Cost Time CO, compensation
HFO/MDO (0,5% S) Tier 111 100%  100% 100% 29% 100% 100% 100%
MDO Tier II (0,1% S) 103%  46%  79% 100% 102% 100% 103%
HFO + Scrubber Tier II (0,5% S) 97%  100% 169% 98%  98%  100% 97%
LNG (8], lean burn) 95% 2% 12% 37% 96%  100% 95%
LNG (dual fuel manifold injection)  95% 2%  66% 37% 96%  100% 95%
LNG (direct diesel injection) 81% 2%  66% 37% 94%  100% 81%
BioLNG (SI, lean burn) 30% 3% 12% 36% 91% 100% 31%

Table H.8: Output air transport with different fuel/engine types for the CHN flow
of goods in transport emissions, cost and time

Transport emissions (WTW)

CO,-eq SO, PM, NOs PMy Cost Time  m? forest area for

[ton] kgl [kg] [kgl [kg] [x1000 euro] [days] CO, compensation
Kerosine 5074 6655 424 19287 5 € 1,768 4 123843
Bio-kerosine 600 1435 618 19670 5 € 2,874 4 14715

Table H.9: Impact of choosing different fuel /engine types with air transport for the
CHN flow of goods on transport emissions, cost and time

Transport emissions (WTW)

m? forest area for
CO,-eq SO, NOx CO, compensation

12%

PM, PM, Cost Time

Bio-kerosine  12% = 22% 146% 102% 100% 163% 100%

Table H.10: Output road transport with different vehicle types for the FR flow of
goods in transport emissions

Transport emissions (WTW)

CO,-eq SO, PM, NOy PMy Cost Time  m? forest area for

[ton] kgl [ke] [ke] [kg] [x1000 euro] [days] CO, compensation
Tractor+trailer, average 167.580 171.877 11.089 485.138 8.317 159.402 1.000 4190.521
LZV, average 150.947 155.244 8.317 415.832 8.317 127.522 1.000 3784.831

Table H.11: Impact of choosing different vehicle types with road transport for the
FR flow of goods on transport emissions, cost and time

Transport emissions (WTW)

m? forest area for
COz-eq SO, PM, NOy CO, compensation

90%

PM;  Cost Time

LZV, average 90% 90% 75% 86% 100% 80%  100%



DECISION ANALYSIS OUTPUT | 92

Table H.12: Output inland waterway transport with different vehicle types for end-
haulage of CHN flow of goods in transport emissions

Transport emissions (WTW)

CO,-eq SO, PM, NOy Cost Time  m? forest area for

[kg] [g] [g] [g] [euro] [days] CO, compensation
Neo Kemp, CEMT III 2557.885 2619.383 1594.407 31888.145 1480.521 1.000 62.387
Rijn-Herne Schip, CEMT IV 3345.977 3416587 1480.521 37582.456 3758.246  1.000 81.609
Groot Rijnschip, CEMT Va = 2256.086 2277.725 1138.862 26193.833 2619.383 1.000 55.026

Table H.13: Impact of choosing different vehicle types with inland waterway trans-
port for the end-haulage of the CHN flow of goods on transport emis-
sions, cost and time

Transport emissions (WTW)

2
CO,-eq SO, PM, NO, Cost Time m? forest area f.or
CO, compensation

Rijn-Herne Schip, CEMT IV~ 131%  130% 93% 118% 254% 100% 131%
Groot Rijnschip, CEMT Va 88% 87% 71%  82% 177% 100% 88%
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