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Abstract 
This study investigates the estimation a global carbon footprint from distribution with incomplete data 

available. Furthermore, reduction opportunities in the field of modal shifting are explored. An approach 

is designed to consistently perform case studies which are used to estimate the global footprint in the 

first phase of this study. In the second phase, a part of the supply chain is modelled and simulation 

experiments are conducted to examine the influence of switching the mode of transport on the 

performance of the supply chain. This performance is measured in average inventories, service levels, 

total costs and emissions. The study provides valuable insights in how to consistently construct a global 

footprint for high value finished goods with case studies and incomplete data, and understanding of the 

effect of various parameters in emission calculations. Furthermore, insights are provided in the impact 

of modal shifting and supply chain parameters on emissions and supply chain costs.   
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Management Summary 
For many organisations, creating carbon footprints of their operations is a topic that receives an increasing amount 

of attention in recent years. The reason for this can be found in the field of legislation, for example the European 

Emission Trade System and Kyoto Protocol, or social pressure for a more sustainable world.   

Although transport activities are often not key-business for many companies, emissions resulting from these 

activities increase their contribution to total emissions rapidly. The company in question is interested in a monitor 

of its global operations and wishes to reduce its carbon footprint on the short term. This research has been 

conducted for transportation of high value volume products. No single main method for footprint calculations 

exists and there are large amounts of calculation models available. In this study, the NTM/CRSC method is adapted 

to match different situations in various case studies. Findings are used to construct a global footprint for the 

primary and secondary stage as displayed in the next figure. Relatively a lot of air mode is used for transporting 

goods in the primary distribution phase, however also large parts of the volumes in weight are shipped via ocean 

and road as well. In the secondary distribution phase mainly road distribution is present, however in many 

different forms. 

 

Important findings of the seven footprinting case studies indicate that the travelled distance has a 1:1 relation with 

polluted emissions and large amounts of data is required to establish a detailed footprint. For air freight the 

influence of the amounts of stops and distance are considerable on the footprint, while for long distance 

movements the influence of the amount of stops is fading (<5%). This cannot be said of the type of the airplane 

that is challenging to estimate and has a considerable influence up to 30% in the emission per movement. Next, 

parcel shipments is up to 6 times more polluting than Less Than Truck load freight, depending on the use of air 

mode for express deliveries. Furthermore, for companies doing internal consolidation this can be 4 times more 

polluting than freight forwarders that consolidate with external cargo. In the following graphs the total footprint of 

147,000 tonne emissions is divided over three main transport modes that have an out of proportion share in the 

transportation of the total mass. 
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The total footprint of the company is distributed over destination continents as follows: 

  

The main results indicate that with incomplete data a global footprint can be estimated. For the company, a very 

small amount of the transported mass in weight is responsible for the majority of the footprint because it is 

transported via air. Emission reduction opportunities that shift air to ocean mode have thus a large impact on the 

global footprint. The shifting of transport modes has a severe impact on the supply chain. Forwarding costs 

reductions are realized but often inventory and in-transit costs rise due to an extension of the total lead times. In 

the actual situation, optimal service levels in terms of zero stock-outs are reached by having large inventories in 

the local warehouse. To investigate the impact of modal shifting in practice, two products are selected for case 

studies that have different characteristics; mainly in product value and lead time difference between air and 

ocean.  

Results are shown in the following figures and indicate that against 2011; even a reduction in inventories can be 

achieved while remaining similar service levels after modal shift. In terms of cost trade-offs, the combination of 

lead time differences and product value are responsible for the financial success of a modal shift. To reach the 

company’s short term goal it is recommended to change transport modes for certain A-class products with large 

forecast accuracy and low to moderate cost value that are currently transported via air. In total, shifting all air 

freight to ocean has a global footprint reduction potential of 59%.  
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1 Introduction 
In the past decade, the worldwide society has increased her attention to environmental issues like 

global warming and its causes. The growth of carbon dioxide in the atmosphere is broadly considered as 

the main cause of heating the planet. Part of this carbon growth is attributed to our industrialization. A 

broad consensus has been developed to control this industrialization and its emission of carbon dioxide 

and other gases. To be able to reduce the pollution, measuring it is the first step. The result will be an 

overview of emissions, also called ‘carbon footprint’. Nowadays, many organizations increase attention 

on their own footprint and of the organizations they interact with.  

This chapter will introduce the topic of carbon dioxide emissions, and the themes for industry and 

academics in this matter. A problem description about the challenges in constructing and reducing a 

global transport footprint will be discussed. Furthermore, a practical setting is introduced in which these 

challenges can be dealt with.   

1.1 Background and problem description 
This paragraph gives an extensive problem description starting with the regulatory background followed 

by an outline of emissions in the transport sector. Next, overviews with emission calculation methods 

and reduction opportunities by focussing on transport mode selection are discussed.  

1.1.1 Regulatory background 
In the Kyoto Protocol, the participating nations agreed to reduce their overall emissions of greenhouse 

gases in the commitment period of 2008-2012 by 5 per cent below the 1990 levels (UNFCCC, 1998). The 

Kyoto Protocol regards the following gases as GreenHouse Gases: Carbon Dioxide, Methane, Nitrous 

Oxide, Hydrofluorocarbons, Perfluorocarbons and Sulphur Hexafluoride (UNFCC, 1998). The largest part 

of GHG stems from carbon dioxide which has a superior contribution to global warming. The protocol 

offers Emissions Trading or a so called ‘carbon market’, as a solution for meeting the agreed targets. 

Artificial influences of the market can be used to reduce the amount of carbon emissions as agreed in 

1998. Organizations with excess of emissions are able to sell them to others that are in need of extra 

capacity (UNFCC, 1998).  

The European Union was the first to institute an international emission trading market with the 

establishment of the EU Emission Trading System (EU ETS). European wide, only carbon dioxide 

emissions are covered. Halfway July 2011, one tonne of these carbon emissions was priced around 12 

Euros but decreased a year later to about 7 Euros. The amount of allowances owned is based on past 

emissions. Exceeding of these allowances can be prevented by either purchasing them (in the carbon 

trade market) or investing in technology that reduces the ejection of carbon dioxide. Since the 

beginning, the EU ETS has covered power stations and other energy consuming production plants. From 

2012-2013, other sectors will be included like petrochemicals, aluminium production and aviation. 
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1.1.2 Carbon emissions in the transport sector 
Globally, the transport sector accounts for 15% of overall greenhouse gas emissions (ITF, 2010). In the 

EU however, transport is responsible for almost one quarter of greenhouse gas emissions, whereas road 

transport contributes about 17% of total EU carbon emissions. The gap between global and European 

levels could be explained by the relatively high amount of transportation vehicles operating in Europe. 

Several EU policies for the reduction of transport emissions have been planned. An example is the 

inclusion of aviation in the EU-ETS started in 2012. Direct emissions from Aviation account for about 3% 

of total EU GHG emissions, and per tonne*km the mode is far more polluting than other modes. To 

reduce these emissions, the European Commission concluded that the best option would be to include 

the mode in the EU ETS. However, only 15% of the total emissions are to be auctioned. Flights to, from 

or between EU-airports are affected by the EU ETS. Introduction of the program is difficult while non-EU 

parties like China and India refuse cooperation. There is currently no regulation of greenhouse gas 

emissions caused by freight transport over water, rail and road. Passenger road transport and light 

commercial vehicles (vans) can be affected by new regulations. For light trucks or vans, a reduction of 

28% gram CO2 per kilometre is aimed at for 2020, which also will affect freight transport (EUCCA, 2011). 

An attempt by the European Commission to include air and water transport emissions in the 

Copenhagen Agreement failed because it was blocked by China and India.  

1.1.3 Overview of emission calculation methods 
Next to regulatory pressure, several companies are voluntarily working on reduction of their emissions. 

To reduce emissions, clarification about definition and calculation is required. There are multiple 

protocols available that include these issues. One of the most known is the Greenhouse Gas Protocol 

(GHGP). The GHGP defines direct emissions as emissions that are from sources owned or under control 

by the company. Indirect emissions are a consequence of the activities of the company, but occur at 

sources controlled or owned by another company. Scopes are used as a framework for expressing direct 

and indirect emissions, and transparency. The first two scopes are defined in a way to ensure that 

multiple companies will not account for the emissions in the same scope (GHGP, 2004). A graphical 

overview is given in Appendix Figure 32. Emissions resulting from purchasing logistic operations can be 

regarded as scope 3 emissions. In this case, data about actual energy usage is often not available to the 

service-purchasing company.  

If a service purchaser would require a footprint of the forwarding activities and the forwarder is not able 

to deliver this, activity based calculation methods could be a solution. These methods focus on the 

movements of goods estimate the amount of fuel used based on the type of vehicle, its cargo, the 

infrastructure, distance travelled etcetera. Several approaches are discussed in the literature review of 

Kuster (2012). Here an overview is given concerning various methods including different levels of detail 

that is displayed in Table 1. The choice of a method should be based on the preferred level of detail that 

is however bounded by the level of detail available in the data. Various master theses have been written 

at the TU/e that concerns the topic of emission calculation and reduction in various companies. For 

emission calculations in these master theses, the NTM method is used because of its high level of detail. 

Within the ‘CRSC project’, the NTM method is extended with several parameters such as ‘temperature 
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control’ and handling. In general, these theses have a focus on movements of a mixture of goods (lots of 

bulk), within or from Europe (CRSC, 2009). 

Table 1: overview emission calculation methods 

Method  Scope Level of Detail Date Developer 

ARTEMIS Europe Very High 2007 Funded by EU 

EcoTransIT Europe Medium On-going IFEU 

GHG Protocol World, focus on US Low On-going Governments, NGO’s 

NTM Europe High On-going Swedish non-profit organisation 

STREAM The Netherlands Medium 2008 CE Delft 

 

There are thus several methods to calculate emissions with many analogies and differences. The 

methods discussed so far can be deployed in various industries with different types of transport. A 

region wide standard for emission calculation is proposed by the European Committee but not yet 

finished (see CEN-Norm 320, 2012). There are also methods which are tuned for specific industries. An 

example is the CEFIC method that is used for calculating emissions resulting from bulk transportation in 

the chemical industry and is a mixture of several European orientated methods.  

In general, all activity-based methods estimate the consumption of fuel by considering emission 

parameters like the mode of transport, vehicle type, distance travelled, weight of cargo, use of 

temperature control etcetera. These parameters can either be extracted from data or estimated. From 

the amount of fuel used, the emitted carbon dioxide is calculated using a constant factor per litre of fuel 

type. More information on the parameters and the calculation method can be found in Kuster (2012) 

and in Appendix.  

1.1.4 Overview emission reduction opportunities 
The logical step after setting a global footprint would be to consider reduction opportunities. In 

academic literature reduction of carbon emissions is positioned in the field of green logistics and is 

receiving increased attention. This started in concepts as waste and resource management, reverse 

logistics, green design, life cycle assessments etcetera. Nowadays, studies occur in the fields of 

operation management, where existing models for decision making are adapted with parameters that 

account for emissions such as in Benjaar et al. (2010) and Hua et al. (2010). One of the first efforts in 

studying environmental regulation influences on supply chain management was in the Carbon Regulated 

Supply Chain projects (CRSC), initiated by the European Supply Chain forum. In several Master thesis 

projects, an adapted version of the NTM method was used to calculate emissions in various companies. 

Furthermore, the influence of certain scenarios of regulations and mode selection on costs and 

emissions were measured in multiple case studies. 

Findings suggest that in various studies optimal emission and optimal cost solutions do not have to be 

equal in terms of design, which is a rather straightforward conclusion. Another interesting topic is the 

role of competitive emission trading in strategic decision making as discussed by Ramudhin et al. (2008). 

Research to various scenarios of regulations results in doubts about their influences in reduction of 

emissions, especially when cost are optimized as well.  
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Late research indicates many improvement possibilities in transportation, as technology and non-

technology solutions could result in large decreases of emissions and increases of co-benefits (Skinner et 

al., 2010). Examples of non-technology improvements are optimization of speed and routes, maximizing 

utilization of vehicles, maximizing the use of co-modality and improving the structure of transport 

systems (Transport GHG 2011). In a more general approach, Hoen et al. (2010) are able to calculate 

which mode is preferable for a certain range of emission costs, given distance, product- and other cost 

characteristics. Results suggest that a cap on the amount of emissions would be more effective than 

other regulations.  

In general, emission reduction in green supply chain literature is emerging, especially in the field of 

transport mode selection where the influence of carbon emissions on decision making has not been 

extensively explored. Recent findings such as the very low impact of emission charges are worrying for 

the effect of instruments such as carbon markets (Hoen et al., 2010). 

The first option that comes in mind for reducing emissions is avoiding modes of transport with high 

pollution. As is explained in the literature study of Kuster (2012) and displayed in Appendix A.I, the 

switch from air to ocean has by far the highest impact on pollution. The switch can result in an increase 

of the transport lead time as more fuel efficient vehicles take in general more time to cover a certain 

distance. Of each mode of transport, other characteristics can be considered like variation in lead time, 

quality of transportation, costs, and etcetera. It is clear that all these characteristics will have influence 

on a supply chain. 

1.1.4.1 Academic research about mode selection 

The trade-off between transport modes can be based on several characteristics which has been 

extensively investigated in academic literature. In generally the scope is on inventory modelling where 

the transport mode is considered an important factor in terms of costs and time in the process of 

distributing goods. Often topics in mode selection have an overlap with topics in supplier selection. 

In practice, the choice for including a different transport mode or a completely different supplier 

(multiple sourcing) are both very different topics. But in theory, the two could have large overlap when 

similar products are considered for dual sourcing and for example if costs per product and delivery lead 

time vary. In considering costs (and emissions), it seems self-evident that the use of multiple supplier or 

modes remains optional in uncertain situations. Then if preferred, goods could be split over modes or 

‘sourced by multiple suppliers’. Dual or multiple sourcing and so called ‘order splitting’ are broadly 

studied in literature.  

Optimal single sourcing models are often compared to dual sourcing models. Results suggest that 

inventory costs savings can be achieved when using the dual sourcing model when different lead times 

exist. In Minner (2003) an overview is given of papers about inventory modelling with multiple supply 

options and their contributions to academic research. This overview is constructed according to various 

modelling characteristics like single or multi-stage inventory models, and deterministic or stochastic 

parameters. More specific, Fuqua (1964) was one of the first to investigate optimal policies for the case 

of multiple suppliers with different replenishment prices per unit and different lead times. Chiang and 

Gutierrez (1996) investigate a periodic review inventory model with an emergency and regular transport 
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mode, that differ in lead time and fixed set-up costs but with no split opportunity. They prove a certain 

inventory level guides the choice for the emergency or regular mode of transport.  

Research about order splitting often has a focus on time and costs in a deterministic or stochastic 

setting. Cases with different normal distributed lead times and optimal order splitting were examined by 

Sculli and Wu (1981). Ramasesh et Al. (1991) did a similar study with varying exponential lead times. An 

overview of order splitting is given by Thomas and Tyworth (2006). These authors point out that the 

reviewed studies up to 2006 which consider order splitting, often underestimated the transportation 

costs of shipments, neglected economies of scale and used extremely unreliable lead time conditions. 

Another important gap in the order splitting literature is the often excluded value of in-transit of stock. 

1.1.5 Conclusion 
Emission reduction receives more and more attention in green supply chain literature. However, to see 

the effect of global scope 3 reduction opportunities that have the largest impact, research in the topic of 

inventory modeling is necessary. This implies that the study requires a practical setting to provide real 

life data for constructing a scope 3 transport footprint, and for examining reduction opportunities that 

affect the global supply chain of non-bulk finished goods. 

1.2 Company background 
The practical setting of this thesis is at a large multinational company, which consists of several business 

groups. The HealthCare group (HC) is the specific environment of this research. In 2010, the HC-group 

had a turnover of over 16 billion Euros (an increase of almost 6% to 2009) and employed more than 

55,000 people. The Healthcare group is divided in multiple divisions that manufacture many different 

products. These divisions have for example a focus on infectious deceases and repelling parasites. Or 

enter the market with mainly non-prescription medicines and dietary supplements. Also devices like 

glucose monitors and medical equipment for diagnosis and treatment are sold. There exists furthermore 

a focus on products in therapeutic areas and prescription medicines.  

1.2.1 Supply chain specifics 
The company has a typical healthcare company supply chain consisting of five nodes: primary 

manufacturing, secondary manufacturing, warehouse or distribution centres, wholesalers, and retailers 

or hospitals. The HC group has many owned productions plants in developed countries, with even more 

packaging and distribution centres to meet local requirements and to supply more than 20,000 SKUs 

(Stock Keeping Units, or ‘unique products’). Per year about 160,000 pallets are shipped from Europe to 

overseas destinations. The distribution of finished goods can be divided in two phases, the primary 

distribution and secondary or ‘last mile’ distribution. The first phase can be described as transportation 

of (semi) finished goods from the plant via the Supply Centre to an internal customer, which is often a 

distribution centre that serves the local market. The second phase is the transportation of finished 

goods to local external customers such as pharmacies or wholesalers. The system is divergent meaning 

that the shipment quantities become lower with less consolidation possibilities, and the number of 

customers increase in the secondary distribution phase. An example is the transportation of a product 

that is shipped from its manufacturing warehouse in Germany in the quantity of 2 pallets to a hub in 
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West-Germany, here it is consolidated with other pallets with same destination into a Reefer container 

and transported via road to Bremerhaven in the pre leg. Then the full container is shifted to an ocean 

container vessel and transported to a warehouse in Veracruz Mexico, during the main leg. In the 

Mexican warehouse the container is unpacked and stock is refilled. From this warehouse the local 

market is served using secondary distribution. The whole process is displayed in Figure 1. All the 

distribution activities are supplied by external logistic service providers and can thus be considered as 

scope 3 activities. 

 

Figure 1: overview primary and secondary distribution 

In 2011, more than 85% of the manufactured volume in weight has a destination on the same continent. 

Exceptions are origins like Europe, which exports 25% globally (SKU Movement Database 2011). For 

intercontinental shipping the company uses mainly air and ocean, whereas the secondary transport is 

largely done by road. All these movements are registered in multiple data modules (or databases) in 

multiple ‘locations’ within the company. Although recent activities focus on a uniform data module, 

especially secondary distribution is still locally organized.  

Recent supply chain efforts that could have any influence on the footprint are that of cost savings in the 

whole chain. Examples are stock reduction, declines in the cash cycle, vendor managed inventory and 

freight consolidation with hubs for ocean container shipments. Other developments, such as increased 

air transport costs due to stricter quality requirements, raise pressure to construct a reliable supply 

chain via ocean. An additional important driver for a reliable chain is the service that the company offers 

its customers. These are often market conform and result in very high service levels. The costs for the 

groups logistic operations, defined as outward transportation including insurance, were 170 million 

euros in 2011, only 1 % of total sales.   

1.2.2 Sustainability at the company 
The company has much attention for sustainability or environmental issues and various initiatives are 

made to improve matters in this topic. For example, the whole concern (including all groups) aims to 

reduce its carbon emissions by 35% in 2020 compared to 2005 levels. A short term business group goal 

however, is to reduce emissions with 10% already in 2015. Driving factors behind these goals seem the 

company’s urge for environmental issues and sustainable leadership, what is displayed in its mission. 

Several programs have already been introduced to reduce emissions. Recognition for the results of 

these programs is given by recent a top ranking in a global carbon emission benchmark, outperforming 

its industrial competitors. 
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Next to the desire for sustainable leadership, a general trend in society urges the company to increase 

attention for environmental topics. Customers and end consumers surge to evaluate the greenness of 

supplying companies when choosing their products. All this combined, leads to the desire of the Health 

Care group to set a company standard in calculating and reducing the footprint of finished goods 

transportation. In literature, there are sufficient means to calculate emissions from transport but as 

mentioned before, the company’s transportation is outsourced and resulting emissions are thus 

categorized in the third scope. This often means insufficient data availability and research about how to 

build a footprint with this data is inadequate.  

1.3  Conclusion problem description 
The focus on carbon ‘footprinting’ has increased due to environmental, social, financial and regulatory 

reasons. In constructing a global transport footprint there are many challenges to overcome. Especially 

if it concerns calculations of global scope 3 emissions that require data which is locally stored and 

difficult to obtain. Another challenge is the search for a ‘footprinting’ method that can deal with the 

often complex structure of a global, diverging supply chain and can also be easily repeated in the future.  

Research about reducing the footprint is widely discussed in literature, but to implement the 

opportunities with the largest impact like mode switching, other supply chain facets such as inventory 

situations should be considered. The relation between emission reduction opportunities and these 

facets is hardly explored.  

In this project it is therefore chosen to respond to these challenges in a practical setting of a globally 

active manufacturer of high value finished goods. The company’s desire for sustainability and the 

practical setting, offer a good environment for a project that targets to fill a gap in academic research. 

This gap concerns the construction and reduction of a global scope 3 footprint with limited data 

availability. It will be explained in the next chapters how this could be done.    



  

8 
  

2 Research design for estimating a global footprint 
In this chapter, the research design concerning the construction of a global footprint is outlined and 

investigated. The first problem definition is stated as follows:  

Within a large multinational company the supply chain becomes more divergent, the 
responsibilities of supply chain management and access to data are often locally organized. This 
hinders the construction of a global footprint, and the implementation of a reproducible 
‘footprinting method’.  

Within the company there is no detailed shipment information available at a central location 
that satisfies the minimum requirements for the construction of a global footprint. Next, it is 
unclear what movements and resulting emissions are under the responsibility and control of the 
company.   

2.1  First research question 
The following main and sub research questions are formulated from the problem definition. 

1. What is the global footprint of transportation in the supply chain of the company? 

To be able to answer the first research question, several sub questions are formulated. These together 

will form the basis of the quest for a global footprint. 

 

a) How can a global footprint be constructed without complete and exact shipment data 

available? 

b) What is the influence of the lack of data and parameters, and how is this resolved?  

c) What are the influences of using the NTM-CRSC or CEFIC method for (part of) the 

company’s footprint? 

d) How can transportation emissions be monitored in a reproducible way?  

2.2  Research scope 
The scope of answering the first research question includes all the distribution of finished goods 

throughout the company’s global supply chain, from the plant to the external customer. Emissions 

resulting from operations like warehousing will not be taken into account. Of the GHG emissions, only 

the amount of carbon dioxide is calculated. This gas is seen by many institutions as a large contributor to 

global warming and is by far the most emitted gas (98%) of fuel combustion by vehicles.  

The transportation is done by third party forwarders so only scope three emissions will be considered. 

This is done based on shipment and delivery data in the possession of the company. It is recognised that 

this is of limited detail but forwarders are simply not eager to share their detailed data.  

2.3  Research approach 
In order to answer the first research question and its subsidiaries, a certain research approach is used 

that is explained in this paragraph. First the approach will be introduced, what will be followed by 

explaining the data collection and calculation method. In the end a short summary will be given.  
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2.3.1 Introduction of research approach  
Important elements in calculating emissions are the volumes (in weight) of the goods, the travelled 

distances, the transport mode and the type of vehicles. Within the company there is no centralized data 

available that could directly lead to a global picture of these elements. Also, the global logistics 

operations of the company are situated in dozens of countries, and primary distribution is diversified by 

the location of plants and supply centres. Therefore, the following approach is suggested. The emissions 

resulting from primary distribution are calculated considering a large part of the movements in separate 

case studies. For the emissions from secondary distribution however, only a limited amount of case 

studies are used due to the large amount of countries with this form of distribution. These secondary 

footprints on a country level will form the framework in building the total global secondary footprint.  

The goal of these case studies is to examine a significant part of the total footprint in detail, which 

simultaneously form a balanced reflection of the different local distribution networks. These differences 

are often regionally organized, examples are: quality and quantity of infrastructure, vehicle 

characteristics and etcetera.  

To determine which countries should be examined using case studies, four factors are considered: the 

amount of goods that is sold in the country, if there any manufacturing sites present, the geographical 

location of the country, and if shipment data can be made available on the short term. The reason to 

consider the location of plants is because this indicates export which is mainly done by air and ocean. 

The first mode is considered as a large contributor to the footprint and data should be obtained. Data 

that is available for examining the first factor are the movements of goods in terms of value and 

quantity. These are accessible in a table per SKU number, including its manufacturing origin and final 

destination of external sales.  An overview of the countries with sales and quantities and indications 

about the second factor can be found in Table 2.  

An overview of the global flow of goods is given by Figure 33 in Appendix A.II. It is known that a large 

part of the externally sold goods globally are manufactured in Europe where relatively many plants are 

located. The replenishment streams that are categorized as primary distribution and have their origin in 

Europe, are considered together in one case study. Countries outside Europe with primary export and 

secondary distribution will be considered separately as well.  

Table 2: global overview of sales in 2011, in quantities and value 

Country sum of million sku 
quantities sold 

% quantity of total % sales of total Manufacturing? Case study?  

China 318 13% 6% Yes Yes 

US 311 13% 22% Yes Yes 

Turkey 160 7% 2% Hardly No 

Italy 147 6% 5% Hardly No 

Germany 126 5% 9% Yes Yes 

Brazil 111 5% 3% Yes Yes 

Mexico 107 4% 3% Yes Yes 

Japan 19 1% 9% Hardly Yes 

other 1,024 43% 49%  - 

total 2,400 100% 100%   
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‘Hardly manufacturing present’ means that there could be some minor operations or outsourcing 

activities located. To optimize the geographical spread for secondary distribution in Asia, Japan is also 

included in the case studies selection. The selected case studies maximize continent ambassadors and 

data availability is accounted for.  

In the next paragraphs, the data collection and further research design which is used in the case studies 

are discussed. Then, the following chapter includes an application of this design in a case study about 

Mexico and important findings of other case studies are discussed.   

2.4  Data collection  
In this study, the approach for emission calculations is based on the NTM/CRSC method as fully 

explained in the literature review of Kuster (2012). According to the calculation approach which is 

formulated in the chapter B, several parameters influence the amount of emissions. For this study, the 

method and parameters are ‘customized’ per country, and in the upcoming chapters discussed in case 

studies. Customization is required as large differences in the distribution structure and in the content 

and quality of the data are very common. 

In order to obtain the necessary data, interviews with local experts are held and movement data is 

collected. The interviews are essential to fill the parameters that cannot be obtained from the shipment 

data. In general, it is preferred to obtain shipment data as movement data. The advantage of shipment 

data over delivery or sales data is the level of detail regarding shipment characteristics and the (often) 

validation by both the company and its forwarders.  However, in some cases it is not possible to obtain 

shipment data and delivery data is used.  

In the next paragraph the design of the framework is clarified which is used to estimate emissions in 

case studies. The standard method for the calculation is explained in Appendix chapter B, starting with 

the various parameters and followed by the basic equations. After discussing the Mexico case study, all 

case study results will be discussed and eventually used to construct the global footprint. An overview of 

the total approach is given in Appendix Figure 34. 

2.5 Framework for emission calculations in case studies 
In this chapter, a framework will be given that can be used to orderly determine the amount of 

emissions resulting from the transportation of goods in the secondary distribution phase. This 

framework consists of the three steps ‘determination of the scope’, the ‘clarification of the distribution 

networks’ and the ‘setting of emission parameters’. In the following paragraphs, the framework will be 

explained and applied to several case studies. Although transportation in the primary distribution phase 

is often similar, exceptions prompt for adjustments per situation which will be explained further on in 

the case studies of this report.  

Step 1: Determination of the scope  

Before analysing emissions from transportation, a good understanding of the flow of goods (or 

movements) is critical. To do this, first the right scope of examination is required. This is helpful with the 
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interpretation of shipment data and the analysis of results and sensitivity. For the company under 

consideration there are two phases of distribution with multiple types of flows (as can be seen in Figure 

1). The Primary Distribution phase is organized by the supply centre and consisting of the flow of goods 

from the plant and supply centre direct or via stops to the local country warehouse. When it is not 

feasible to have direct shipments to the country of sale, a regional distribution centre is used like in 

Panama or Singapore to consolidate cargo and save costs. The secondary distribution is consisting of all 

flows from the local warehouse or regional distribution centre to the local external customer 

(wholesaler, retailer and so forth). Within a certain country, there could thus be several flows of goods 

due to the presence of plants and local warehouses. Furthermore, numerous incoterms can be used that 

determine what the tasks, costs and risks are when transporting the goods. Emissions are only allocated 

to a part of the company if the transport is paid by that part. When the scope of the movements is clear, 

the construction of the distribution network within that scope can follow. 

Step 2: Clarification of distribution network 

The characteristics of a distribution network have a significant influence on the model of calculation. In 

clarifying the distribution network and to discuss several characteristics, it is cut in the three parts: the 

pick-up-, main- and delivery leg.  

One general characteristic is ‘external consolidation’ of the cargo with other, non-company products. If 

there is no external consolidation for a certain movement, the vehicle is dedicated for transport of the 

owned goods and the resulting emissions are all allocated to the company. If there is external 

consolidation, the cargo is moved after the pick-up to hubs or other intermediate stations and ports for 

collection of all the cargo that is simultaneously transported and emissions have to be allocated 

according to the share of cargo.  

A type of distribution network is thus characterized by the type of consolidation over its three legs as is 

explained by an overview in Figure 2. Here it is assumed that a ‘direct’ pick-up or delivery is without 

consolidation of external products, and a ‘round trip’ is with consolidation. It can be that various 

distribution networks with different pick-up or delivery types exist with the same country as origin. An 

example is parcel deliveries to customers in the same country using external consolidation for all three 

legs; another example is distribution via air using a direct pick-up for the lane to the airport where the 

goods are consolidated for air freight in the main leg.  

As mentioned in the introduction, the framework is only applicable for secondary distribution phase 

where the company is not consolidating goods after the cargo is picked up. So the term company 

dedicated distribution is used for internal consolidation at the origin, and which is performed by the 

company itself or by the logistic service provider. This is often to increase utilization for packaging 

(containers) and or vehicles with a similar destination.  
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Figure 2: classification of distribution network 

Step 3: Determination of calculation parameters 

In the case of external consolidation the parameters of the pickup, the main leg and the delivery have to 

be determined. For dedicated freight the distribution is split in the main leg and the delivery. Typical 

parameters of consideration are listed in chapter 2.5. The challenge of setting these parameters is the 

accounted distance and the allocation of the emissions to the cargo. In a roundtrip pick up, the vehicle 

has several stops before it arrives at the intermediate hub or station. The distance can be estimated 

between the company’s pick-up and the station, but the amount of other stops before or after the pick-

up are often unknown. Similar issues are present for delivery as an example explains in Figure 37.  

The allocation of emissions in the round trip pick-up and delivery leg is a challenging topic. It is 

concluded by Leenders (2012), that there is currently no accurate method available. However, as will be 

shown in the case studies, the impact of the emissions resulting from pick-up and delivery movements is 

minor even when the full ‘direct distance’ between pick-up and station or station and delivery address is 

accounted for. In the case studies, there will be a difference in accounted distance and the distance in 

the data which is often direct or ‘horizontal distance’ (see  Figure 37). The accounted distance is the 

expected complete distance that the vehicle covered, and includes for example the routing via hubs.  

In general, the calculation parameters are set per vehicle and per leg of a certain distribution network. 

In the CRSC (2009) project, all important parameters in emission calculation are discussed and sensitivity 

analyses are given. In Appendix chapter B these are discussed. In short, load factor temperature control, 

and travelled and empty distance have by far the largest influence on an average transport leg. These 

parameters are applied in the framework and are summed up below:   

A. Vehicle characteristics (specified per shipment or average) 
a. Cargo capacity in weight 
b. Load factor 
c. Fuel consumption, low and high LF 
d. Temperature control 

B. Distance travelled 
a. Actual distance travelled 
b. Empty distance 

C. Allocation principle 

In the next chapters, the case study of Mexico will be examined and the results of other case studies will 

be discussed. In general, no distinction is made in the type of product or company-subgroup, because of 

data limitations, to keep the overview and for simplicity reasons. However, in constructing the footprint, 

this topic will be discussed.  
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3 Case studies 
In the following chapter the case studies will be discussed. Special attention is paid in the next 

paragraph to the Mexican study because of extensive data, available knowledge and different 

distribution networks that are used. The other case studies are discussed extensively in Appendix 

chapter D. Overall findings are considered in the last paragraph of this chapter.  

3.1 Case study Mexico 
The first case study of examination is for the country of Mexico. Others studies can be found in 

Appendix chapter D. For the company, the country of Mexico has a medium sized market in terms of 

sales. A supply centre is located around the main plant and distribution centre near Mexico City, from 

where the local market is served and the other two warehouses are replenished. In this chapter, various 

product movements will be discussed including the primary distribution in terms of export and the 

replenishment of the other warehouses, as the secondary distribution to the external customer.  

1. Determination of scope 

The scope of Mexico is defined by various flows due to multiple local warehouses and plants. This 

creates multiple flows of primary distribution and secondary distribution. As can be seen in Figure 38 

there is both replenishment import from supply centres abroad and replenishment export to other 

countries. There are two warehouses that are replenished by the central warehouse, which in its turn 

receives its replenishment via import or local plants. All primary distribution (or replenishment) has a 

blue colored arrow; all secondary distribution is colored green. The three warehouses together supply to 

customers across the country.  

The organization and payment of main leg of the transported import is not under responsibility of 

Mexican (local) country, but the export is. So for emission calculations of primary distribution only the 

delivery of import, the export shipments and the replenishment of the three warehouses is considered. 

As the country is also responsible for the secondary distribution, resulting emissions are considered as 

well.  

2. Clarification of distribution networks 

In defining the distribution networks, a distinction is made in import delivery, export and replenishment 

of the warehouses. After the imported goods are delivered in a port, they are transported to the 

warehouse using a dedicated main leg and direct delivery. Replenishment from local plants to the 

central warehouse and the other two is done with the use of a dedicated main leg and direct delivery. 

All flows follow the blue arrow shown in Figure 3. For the export, consolidated distribution with a ‘direct 

route’ pick-up and a main leg with only air transport is used and as is visible in the red arrow. 

For the secondary distribution there are two main types of networks in place, both concerning a 

dedicated main leg but one with a direct route to a single address, and the other with a round trip 

including stops. However, all with only company’s products as cargo as can be seen in Figure 3 by the 

green arrows.  



  

14 
  

 

Figure 3: clarification of distribution networks Mexico 

3. Determination of parameters 

Per distribution network various parameters are determined. For convenience, the distributions are split 

into export and non-export.  

3.1.1 Mexican export shipments 
The exported goods are picked up from the central warehouse near Mexico City and directly transported 

with a dedicated vehicle to the International airport. From here, the goods are consolidated in a cargo or 

passenger plane and transported to the port of destination. The exact routing of the plane is unknown.  

An exploration of the shipment data revealed a minor extreme value in the cargo gross weight. 

Consideration of other shipment characteristics like net weight and distance leads to a proportional 

manual correction of the gross weight. A scatterplot of the weights can be found in the Appendix 

chapter C . 

A. Vehicle characteristics  

When considering the data, the gross weights of the single shipments are varying from about 50kg up to 

4 tonne. As there is no data about the vehicle type per shipment, it is assumed that either a van with 1.5 

tonne capacity for shipments <500kg, or a medium truck with 7 tonne capacity is used for shipments 

>500kg. The capacity of the airplanes is set as constant and based on a weighted average of the fleet 

owned by several global forwarders. An overview of this can be found in the Appendix Fuel consumption 

and emission rates air and road vehicles 

Table 78. 

As the pick-up trucks are dedicated, the load factor is the gross weight of the cargo divided by the 

capacity. For the main leg, the average load factor of the airplane is set to according to IATA (2012), and 

assumed to be about 50% of the weight capacity.  

The fuel consumption rates for the pick-up are based on European rural road condition as the distance is 

only small and it is assumed that no highway is used. For the air transport, the rates are set constant and 

again based on a weighted average dependent on the fleet of several global forwarders. 

There is no temperature control visible in the data. Based on interviews, this is assumed to be zero in 

both legs.  
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B. Distance travelled 

The distance travelled for the pick-up is minor, the accounted distance is only 60 km. The empty 

distance is estimated rather high due to the dedicated character and is set on 50% of the accounted 

distance because this character is somewhat similar as for Bulk transport by road (60% empty distance). 

However, the forwarding companies have more options in reducing this percentage in favour of the 

company as agreed by a local specialist. For the air freight, the direct ‘horizontal’ flight distance between 

airport of origin and destination is taken and increased with 20%.  This is to account for extra distances 

due to stops or moves for approach and departure. As mentioned before, no empty distances are 

accounted for in air transport because of the assumed use of fixed scheduled flights.   

C. Allocation principle 

The allocation for the pick-up distance is straightforward as the vehicles are dedicated; all the emissions 

are assigned to the company. Allocation of emissions resulting from the air freight is more challenging 

due to different characteristics of the cargo in terms of volume (m3) and weight (kg). However, in the 

emission calculations the total cargo weight is defining. It is assumed that the company’s cargo has an 

average volume (m3) to weight (kg) ratio for its air freight. Therefore the allocation is based on the 

weight of the company’s shipment divided by the total cargo weight of the vehicle. Multiplying the 

capacity by the load factor leads to the total cargo weight.  

An overview of this parameter setting can be found in the Appendix chapter B.  

3.1.2 Results case study Mexican export 
The results of the calculation for export can be found in Table 3. It is remarkable to see that the emission 

factor (total gram carbon dioxide divided by; the sum of each cargo weight multiplied with the distance) 

resulting from the pick-up transport is almost half as high as the one resulting from the main leg. This is 

mainly because of the dedicated character of that transport combined with low load factors from low 

cargo weight. The type of truck used is also of influence so the most straightforward solution for 

minimizing these emissions is to consolidate or fit the capacity of the truck to the cargo.  

Table 3: results case study Mexico export 

 Total gross weight 
kg 

tonne*km total tonne 
emissions 

% Emission factor 
gCO2/tkm 

t_emissions/ 
t_freight 

Main leg Air 493,898 2,451,925 2004 99 817 4.06 

pick-up truck 493,898 24,695 10 1 404 0.02 

Total 493,898 2,476,620 1065 100 430 4.05 

 

Sensitivity analysis 

When considering the distribution required for the export of goods, the emissions are relatively high and 

run up to almost 1100 tonne emissions. As can be found in the figures below, the increase of the empty 

distance has a direct linear effect on the pick-up emissions and the same is for the effect for increasing 

the accounted pick-up distance. Important notice should be given to the minimum influence pick up 

emission have on the total result from export.  
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Figure 4: influence pick up distance, MX export    Figure 5: influence empty pick up distance, MX export  

   

Emissions from the main leg are mostly sensitive for the increase in accounted distance and hardly to 

the amount of stops of the plane as one can see in the Figure 6 and Figure 7. The assumed load factor 

only has a small influence on the total air emissions. Furthermore, if smaller types of plane (like an 

Airbus 310) would be ‘standard’, emissions would increase moderately with about 10-20 %.  

 
 

Figure 6: influence air distance & stop factors, MX export  Figure 7: influence load factor airplane, MX Export 

 

Reduction opportunities 

A straightforward approach to reduce emissions resulting from the pick-up transport is to consolidate 

the freight independently or use forwarders who do this. This would almost cut the emissions resulting 

from this mode by half as the emission factor for consolidated volume goods could drop below 200 

gCO2/tkm. For air shipments, the movement to ocean freight would be an option. This will result in an 

increase in transport time and distance. If we account for a worst case scenario that includes an average 

distance increase of a 50% due to ocean routing (for example shipments to South-East Brazil that have 

to sail around the continent), and an emission factor of 13 gCO2/tkm for container vessels (which is on 

the high end), the effect is a reduction of 92,5 % in tonne emissions. Unfortunately, the feasibility of 

reducing the footprint is considered low as ocean transport is only 20% cheaper than air which removes 

the costs incentives.  

3.1.3 Conclusion case study: Mexico export 
The results clearly indicate relatively high emission rates for Mexican export due to the dedicated road 

transport and use of air mode. The most important factors on total emissions resulting from export 
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transportation are the distances flown and the type of plane used. Now, an average is used that should 

resemble reality but it is questionable if the company has any influence on the use of direct flights.  

The same is for the plane size, which is a choice of the forwarder and is thus not in the data. If a fleet of 

smaller vehicles would be used than assumed, the emissions can increase up to 20%. To reduce 

emissions in an effective way for the pick-up leg, less empty distances and less vehicles could be used. A 

switch from air to ocean would be effective and would have by far the largest influence on the total 

emissions from export.  

There is no information about typical Mexican fuel consumption rates available and used but if this 

would be known per vehicle or on average adaptations could be made. In the case of a 10 % average 

higher fuel consumption per tonne*kilometre than in Europe; the emissions could be adapted with a 

10% increase as well.   

3.1.4 Mexico non-export shipments  
For all the non-export shipments in Mexico a similar pick up and main leg type is used: a direct pick up 

with dedicated trucks, organized from one central location. Shipments are organized by gathering all the 

available goods for a single customer in a certain warehouse (this is thus no external consolidation, to 

prevent misunderstanding). Per warehouse, several fixed routes are used that customers are assigned 

to. When the shipments have to be sent out, all the cargo belonging to a certain route is assigned to a 

vehicle that are all dedicated to the company.  

Although it is not confirmed by the shipment data, it is very unlikely that a dedicated vehicle is used for 

very small shipments. Assumed is that parcel deliveries are used for shipments below 20 kg. A 

distinction in shipment type is thus made based on aggregated cargo weight. The total weight of these 

low shipments is about 2 tonnes, only 0.02% of total volume. The total tonne*km for parcel deliveries is 

less than 0.1%, therefore an average emission factor gCO2/t*km is used based on other parcel delivery 

calculations instead of calculating emissions separately per fuel consumption of a shipment.  

An exploration of the shipment data revealed several outliers in the cargo weights. After considering 

other shipment characteristics of the outliers like costs, assigned vehicles and distance; the data is 

manually corrected by adjusting the weights or deleting the record. A scatterplot of the weights can be 

found in the Appendix chapter C. 

A. Vehicle characteristics  

The shipment data is very extensive and has several characteristics of the vehicle reported. Examples are 

the brand, capacity and license plate. In total, 7 different truck types are listed which are compared to 

the available database of fuel consumption based on their capacity.  

From the data every stop per route is known. So even though the vehicle is dedicated, the load factor is 

decreasing during the route due to the declining cargo weight. This effect is displayed in Appendix Figure 

40. Because the data has to be aggregated per vehicle, only the position of the first stop and the final 

stop can be used due to software restrictions. Until the first stop the load factor is calculated in the 

regular procedure. Between the first and the last stop, the average load factor is taken for the whole 

distance. This challenge is more extensively discussed in Appendix chapter C.I. 
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Cooling is sometimes required for goods transport and is reported in the shipment data. It is assumed 

that the whole cargo of the vehicle is then cooled which leads to a 20% increase in the emissions from 

the accounted distance. The amount of shipments is rather low and effect on the emissions is thus 

estimated to be minor.  

B. Distance travelled 

In the data, the position of every stop on a route and the total distance of the route are known. These 

are estimated by the local warehouse. A check with random samples proofed that these estimations are 

rather accurate, with a small bias on the high end (+20%). It is assumed that these estimations 

compensate for the extra kilometres due to routing or traffic and no further compensation is applied.  

The differences in road type are expressed in a highway, rural and urban ratio setting with an 85%, 10%, 

and 5% setting respectively like in the NTM/CRSC method. Although there are some suggestions for 

relatively higher fuel consumption due to infrastructure and vehicle conditions than the European data 

that is available, no data is found to support this. The infrastructure influences are accounted for by the 

high-end distance estimations of the warehouse. 

The empty distances of the vehicle are assumed to be rather high and a 50% rate of the accounted 

distance is used; as a result from interviews with local experts.  

C. Allocation principle 

Due to the dedicated vehicles, all emissions are allocated to the company.  

3.1.5 Results case study Mexico non-export 
The result of the emission calculation for the non-export transport can be found in Table 4. An overall 

high emission factor is the result of the dedicated character of the transport and the low cargo weight.  

As we can see in the data, the type of truck has a good fit with the cargo based on weights.  

Table 4: results MX non-export 

 total gross 
weight kg 

# shipments sum 
tonne*km 

total tonne 
Emissions 

gCO2/tkm t_emissions/ 
t_freight 

direct shipment from central 
warehouse 

3,696,768 2,495 1,111,424 357 321 0.097 

tour trip from central 
warehouse 

7,166,055 3,938 2,882,407 1,120 388 0.156 

from DC North: Tijuana 267,771 353 90,766 48 528 0.179 

from DC South: Villahermosa 518,540 578 366,145 254 693 0.490 

replenishment to other DC's 816,499 75 15,134 28 1,878 0.928 

total non-export (no repl.) 11,649,150 7,364 4,450,640 1,779 400 0.153 

 

Sensitivity analysis 

The distribution of the road types only has a minor influence on the total emissions if changes in the 

accounted distance are not considered. If only 50% of the accounted distance was driven on the 

highway, 33% on rural and 17% on urban roads, it causes a reduction of emissions with 1.4%, assuming 

similar distance. This is a direct result of the fact that driving in urban or rural uses less fuel per 

kilometre. This is only the case for trucks with capacity less than 7 tonnes that apparently more often 

used than larger trucks. Data for larger trucks indicate that they are more economical using highways. 
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The increase of distance by avoiding highways will thus have a direct linear influence on the emissions 

and will be depending on the fuel consumption rates of truck fleet. 

The empty returns setting of the transport has a large influence on total emissions as can be found in 

Table 5. These figures confirm the linear but proportionate influence of the empty running vehicles. 

Table 5: influence empty distance, MX non-export 

empty distance of accounted distance Total tonne emissions % to standard settings 

25% 1521 -16% 

75% 2093 +16% 

100% 2379 +32% 

Reducing the setting of a 20% increase of emissions due to temperature control to 0%, the influence on 

total emissions is very minor; only a 0,1% reduction. The assumption that small packages below 20 kg 

would be handled via parcel or express deliveries (external companies) has a minor influence on the 

total emissions as is explained in the Appendix chapter C.  

As mentioned before, the method accounts for a decreasing load factor after the first stop. To check if 

this assumption has a large influence, emissions are calculated for the tour-trips from the central 

warehouse assuming constant load factors (according to the maximum weight of the cargo) during the 

whole trip. This results in an 11% increase for emissions.  

Reduction opportunities non-export 

A straightforward consideration for reducing emissions is to improve the load factors. After analysing 

the data of the shipments leaving the central distribution centre as it is, it appeared that for direct or 

round trips different fleets are used with varying load factors per vehicle type as can be found in  

Figure 8. From this figure it is clear that mainly vans and light trucks are used for the shipments 

explaining the rather high emission factors. So when shifting the goods to large vehicles by increasing 

consolidation the influence is large. This is because the largest truck (in the data with capacity 28 tonne) 

uses only about 10% of the fuel per tonne cargo to travel 1 km, as compared to a van.  

 

Figure 8: fleet characteristics, MX non-export from central DC 

A small study has been performed to the situation where the ratios of vehicle use remains equal, but per 

vehicle the load factors are increased. A differentiation is made between: measuring the reduction in 

carbon emissions when the average load factor per vehicle type is adapted to match the overall average 

which is increased with a factor, and between a situation where every average load factor per vehicle 
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type is increased with that a factor. This distinction is made because insufficient information is known 

about the opportunities for consolidation. The two distribution types, direct and tour trip, are separated 

as both have different vehicle-ratios and different average load factors (24.1% and 25.6% respectively).  

What is shown in Figure 9 and Figure 10 is that with minor load factor increases up to 6%, significant 

emission reductions can be realized of over 10%, assuming thus the ratio of vehicle use remains equal. 

An explanation for this is the fact that increasing the load factors leads to a reduction of the amount of 

necessary vehicles, and in the remaining vehicles the emissions are allocated over more goods.   

  

Figure 9: shifting load factors by consolidation for direct 
trips, MX non-export 

Figure 10: shifting load factors by consolidation for direct 
trips, MX non-export 

 

3.1.6 Conclusion case study Mexico  
The emissions resulting from the export and non-export transport activities in Mexico are rather high 

viewed on a gram carbon per tonne*kilometre basis. This is due to the dedicated character of much of 

the road transportation and the presence of air transport. For the secondary distribution the estimated 

amount of tonne carbon emissions per tonne of cargo is 0.153.  

In secondary distribution, the differentiation in parcel packages and other freight has only a small 

influence and could be neglected in reviewing the total Mexican footprint. An assumption with more 

impact is the decreasing value of the load factor during a round trip which has a moderate influence on 

the fuel consumption and emissions of 11% reduction against a situation where the full-truck 

consumption rates would be used for the whole trip.  

Considering the used fleet it is clear that certain vehicle types are more used than others but this 

doesn’t mean a higher load factor is present. After discussing reduction opportunities, nice results can 

be achieved when consolidation of shipments is increased. An example is; less frequent deliveries are 

offered. This would mean higher load factors and fewer vehicles on the road. Higher total load factors 

can be reached by for example aiming for an increase of all vehicles load factors with a similar factor, or 

by aiming to change all vehicles to a certain level. Both methods have a large effect on emissions.  
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3.2 General findings from case studies 
In this paragraph, some remarkable insights of the case studies are briefly discussed per topic. 

Distance travelled 

The distance travelled often has a direct one to one 1 relation with resulting emissions. In many cases an 

extra 20% is used to account for de-tours and a more variable percentage for empty distances. These 

estimations are often checked on a case by case basis but have a large influence on total emissions. 

Extra distances travelled in ocean transport with European origin are considerable but because of its 

very low share in total emissions this can be neglected (see Table 26).  This is not the case for the extra 

distance as a result of extra stops in air transport (see Figure 47). These extra distances are especially 

high for shipments from Europe to destinations in South America, the Middle-East and Africa (see Table 

26). The calculation of distances is per case study different and depends on the content of the data. 

Examples are routing software and the Haversine formula that uses geocodes. Biases are checked and 

corrected against output of web-based routing software.  

Airplane type 

Although weighted averages are used for emission factors in air mode which are based on the air fleet of 

several forwarding companies (K+N, DHL, Fed-Ex, and UPS), variation among planes per tonne*kilometre 

travelled is large (see Table 79) 

Stops on long air hauls  

On long distance flights (>6000km) the influence of departure and landing emissions on total emissions 

can be neglected. This is not the case for the extra distance as a result for extra stops which is especially 

high for shipments from Europe to South America, the Middle-East and Africa (see Figure 47 and Table 

25).  

Parcel distribution 

In the secondary distribution phase, lots of parcel deliveries are used. In the U.S. case study this 

situation is extensively examined and a differentiation is made in ground and express deliveries. 

Resulting emission factors of gram CO2/tkm for the latter category are considerably higher than for first 

and almost match the polluting impact of plane air freight. More information can be found in chapter 

D.III. 

Consolidation of cargo 

Within the company, internal consolidation and consolidation by freight forwarders exists. Emission 

factors clearly point out that the company is more polluting in terms of carbon emissions when 

performing the consolidation itself. An important assumption that precedes this finding is that the 

forwarder is on average always able to reach a certain load factor of about 30%. In the case study of 

Mexico, it is examined how the situation of internal consolidation can be improved and what the 

influence is on emissions.   

 Emission factors 

The used method offers flexible parameter input on a case by case level. Per mode of transport this 

results in different emission factors of gram CO2 per tonne*kilometre.  The absolute difference per 

mode can vary 100% over case studies. Examples are different emission factors for external 
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consolidated road forwarding for Germany (123 gCO2/tkm) and the United States (53 gCO2/tkm). 

Examples can be found in Table 12. 

3.2.1 Results case studies 
In Appendix chapter D the other case studies then Mexico are discussed. As can be seen in Table 6 and 

Table 7 (TE is short for tonne carbon emissions and t for tonne cargo), the estimated emissions vary a lot 

between secondary and primary phase. This is due to a combination of larger amounts of tonne weight 

in scope and use of air mode for European export in the primary distribution phase. The difference in 

the sum of the total tonne weights in Table 7, suggests the centralization of manufacturing locations 

compared to the global sales. Furthermore, per country large differences are noted as for example the 

supply Japan is by far the most polluting entity in current settings of the case studies for secondary 

distribution. An emission to tonne ratio (TE/t) of 0.34 is present. As is discussed in the case study, this 

result is questionable and largely due to fuel consumption data provided by the forwarders.  

 

Table 6: results case studies for origins of primary and secondary distribution 

 Primary distribution per origin Secondary, per origin=destination 

Entity TE 
ocean 

t 
ocean 

TE 
Truck 

t truck TE Air t air TE/t TE 
Truck 

t truck TE 
Air 

t 
air 

TE 
rail 

t rail TE/t 

BR 29 665 32 1,092 2,654 1,020 0.98 905 5,596 119 80 
  

0.18 

CN 
      

 717 5,036 778 592 271 4,041 0.18 

DE 
      

 371 8,060 
    

0.05 

JP 
  

156 4,057 
  

0.04 1,445 4,688 233 293 
  

0.34 

MX 
  

106 816 2,004 494 1.61 1,777 11,649 
    

0.15 

US 435 2,897 2,065 15,308 10,448 1,344 0.66 5,450 45,250 
    

0.12 

EU 2,830 18,942 9,454 106,906 76,103 10,663 0.65 
      

 

 

Table 7: overview results case studies in origin of cargo weight and emissions 

Entity Chap
-ter # 

 total Tonne 
Emissions (TE) 

% TE total tonne weight  % t Total tonne 
emissions 
secondary 

total tonne weight 
secondary phase 

BR D.VI Brazil 3,711 3% 8,453 3% 1,024 5,676 

CN D.IV. China 1,495 1% 9,669 4% 1,766 9,669 

DE D.I. German
y 

371 0% 8,060 3% 371 8,060 

JP D.V. Japan 1,835 2% 9,037 4% 1,678 4,980 

MX 3 Mexico 3,887 3% 12,960 5% 1,777 11,649 

US D.III. United 
States 

18,363 15% 64,901 25% 5,450 45,250 

EU D.II Europea
n Union 

88,386 75% 136,511 55% n/a n/a 

sum  all cases 117,648 100
% 

246,592 100
% 

12,067 85,285 
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4 Building the global footprint  
In chapter 2.3 the choice for several case studies is discussed and findings are explained in detail in 

chapter 3 and Appendix chapter D. In this chapter, the results of these case studies are combined in an 

approach for the estimation of a global footprint. To do this, a database with the quantities of SKU’s 

(Stock Keeping Unit, i.e. ‘unique products’) sold per business unit and country in 2011 is used, similar to 

the source in chapter 2.3. In the building of a global footprint, a distinction is made in the primary and 

secondary footprint. The method of constructing the global footprint of the secondary distribution is 

broadly discussed in the upcoming paragraph. The ‘primary footprint’ is constructed in a similar way of 

which the results are discussed in the subsequent text.   

4.1 The approach of estimating a global secondary footprint  
A direct overview of clean and reliable data with ‘weight movements’ is not available. A solution is to 

use a database of verified sales, recorded in the amount of pieces (referred to as ‘sales-quantities’). 

Furthermore, data restructuring enabled the connection of SKU-weights to their sales quantities, 

creating so called ‘sales-mass’ or the weight of the sold products. In subsequent chapters, ‘mass’ will be 

used to express the weight.  

A relation between emissions and mass is evident: the higher the flow of mass, the higher the amount of 

emissions. Due to many influences the exact ‘ratio of emissions to mass’ can differ significantly per 

distribution mode and country as is proven by Table 6. However, the following approach is created to 

use these different ratios in the estimation of a global footprint (also see Figure 50 in Appendix): 

I. Determination of the total volumes in weight per country  

II. Integration of the deliverables from case studies  

III. Categorization of the countries in groups with case studies as ‘leaders’ 

IV. Construction of the global footprint 

 

I. Determination of mass per country  

In order to determine the mas sold per country, the flows of goods in terms of weights; specific gross 

and net SKU-weights are mapped to SKU’s in the sales-database. Only positive quantities of sales are 

considered as returns of goods (that are indicated by negative numbers) are not present in the shipment 

data. The SKU-weights are available in the company’s data warehouse but the quality is moderate. A 

crucial role is therefore present for data mining as various extreme values exist on a weight per SKU 

level. These extreme values have a large influence on the total mass as they are multiplied with the 

quantities sold. In the Appendix chapter E.I.i there is an extensive report available that describes how 

the data mining is done. A significant result is that the total mass of sales is reduced with 55% when 

replacing extreme and unlikely data values by averages.  

Differences among the continents in terms of quantities and weights are expected to be the result of 

product portfolio’s that can vary per country and continent. A part of the data has no origin or 

destination and is therefore neglected in estimating the footprint.  
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II. Integration of case study deliverables 

While the total SKU mass is determined per unit, the results of the case studies can be integrated. 

Careful attention is paid to double counting of emissions and mass. Furthermore, a special focus is on 

the differences in the total SKU-mass and the gross transport mass per country. The first is expected to 

be lower than the mass resulting from a summation of the actual shipments gross weight. In these gross 

shipment weights, variables like packaging are included.   

It is assumed that the goods in the secondary distribution of a case study resemble the goods externally 

sold in the sales database. From the case studies, various deliverables are present:  

 Total emissions from secondary distribution 

 Total mass in gross shipment weight of secondary distribution 

 The emission-mass ratio: 
∑                      

∑            
 (in equal units of measurement) 

In Table 8, the result of combining the deliverables of the case studies to the sales-database is displayed. 

The cargo to sales mass ratios differ per country which is difficult to explain. There could be errors in the 

input data. For example; the weight of shipments are always top rounded, or data for SKU-weights is not 

reliable. What also could have an influence are the packaging and or transport characteristics that can 

vary per country. For example; in less developed countries safety is often an issue and more plastic, 

paper or other packaging material could be used that increases the average weight of a shipment. 

However, it is not expected that other than errors in the SKU-data will be responsible for the large part 

of these differences. 

Table 8: emission ratios case studies with secondary distribution 

country total t 
emissions 

total 
cargo 
mass kg 

total data 
mass kg 

sales 
quantities 

Cargo/ 
sales 
mass 

emission/ 
cargo 
mass 

emission/ 
sales 
mass 

emission/ 
sales 
quantities 

unit t CO2 kg  kg piece kg/kg kg/kg kg/kg kg/piece 

BR 1,024 5,675,992 4,623,188 111,401,061 1.23 0.18 0.22 0.009 

CN 1,766 9,669,205 7,804,835 98,971,943 1.24 0.18 0.23 0.018 

DE 371 8,060,395 8,479,712 120,727,980 0.95 0.05 0.04 0.003 

JP 1,678 4,980,180 2,851,879 14,893,641 1.75 0.34 0.59 0.113 

MX 1,777 11,649,136 8,273,955 8,268,388 1.41 0.15 0.21 0.215 

US 5,450 45,250,325 34,428,921 349,830,212 1.31 0.12 0.16 0.016 

  

III. Categorization of countries 

The countries in the company’s network can be categorized on a geographical level. For each category 

one or multiple category leaders are assigned that are considered to have the most resemblance with 

the ‘members’. Then the emission ratios of the category leaders are transferred to its members and 

weighted average ratios are applied based on the volumes of the category leaders.  

Categorization by continent or region 

The used categories are given in Table 9. Here, it is chosen to categorize on continent level but on 

country level would also be possible. The choice of assigning multiple category-leaders to a category is 

led by a comparison between distribution networks before geographical location. For example, Central 

and South America are considered to have similar distribution networks as of Mexico and Brazil: air 

freight is regular for national and continental distribution and due to several requirements dedicated 
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road transport is often used. For Australia and New-Zealand, the ratios of the United States and China 

are applied as the vastness and distribution networks of the countries are similar. For Africa, there is 

only limited knowledge about the used distribution networks and the company has hardly any 

secondary distribution in use. It is expected that distribution conditions are very bad due to the 

developing character of the countries and hence maximum emission ratios will be used. The minimum 

and maximum values for the emission per SKU mass- and emission per SKU quantity ratios are the base 

for the range displayed in the last two columns. An overview of the choices and weighted average 

emission ratios per continent is displayed in Appendix Figure 53. 

Table 9: ranges emission ratios continents 

Category 
short 

category category-
leader(s) 

range 
emission to 
sales quantity 
ratio  

range 
emission 
sales mass 
ratio 

avg range 
TE/ 
quantity 

Avg range 
TE/ mass 

 Unit of measurement - kg/piece kg/kg Weighted 
avg kg/piece 

Weighted 
avg kg/kg 

Africa Africa maximum 0.018 - 0.215 0.215 - 0.226 0.030 0.323 

Asia Asia CN, JP 0.018 - 0.113 0.226 - 0.589 0.030 0.323 

Au&NZ Australia and New Zealand US, MX 0.016 - 0.018 0.158 - 0.226 0.016 0.171 

CA Central America incl. MX (CA) MX, BR 0.009 - 0.215 0.215 - 0.222 0.023 0.217 

EU EU DE 0.003 - 0.003 0.044 - 0.044 0.003 0.044 

NA North America excl. MX (NA) US 0.016 - 0.215 0.158 - 0.215 0.020 0.169 

SA South America (SA) MX, BR 0.009 - 0.215 0.215 - 0.222 0.023 0.217 

 

IV. Construction of global secondary footprint 

An overview of the secondary footprint can be found in Table 10. Especially the emission ratios for the 

Asian category seem high due to relatively high Japanese emission ratios. The sum of the average of 

these ranges indicates a footprint from secondary distribution of about 41,000 tonne carbon dioxide.  

Table 10: result secondary footprint 

Category Sum of sales 
mass (kg) 

Sum of sales 
Quantities 

T Emissions based 
on ET/quantity 

T Emissions based 
on ET/mass 

emissions 
average 

Africa 4,132,937 91,595,614 2,770 1,353 2,062 

Asia 73,450,970 538,764,984 16,296 23,889 20,093 

Australia & New Zealand 3,923,428 31,210,626 502 704 603 

Central America 14,947,263 148,926,822 3,487 3,258 3,372 

European Union 54,603,565 937,093,423 2,883 2,435 2,659 

North America 36,382,666 378,919,136 7,648 6,158 6,903 

South America 15,484,051 267,641,611 6,266 3,392 4,829 

Total 202,924,879 2,394,152,216 39,851 41,189 40,520 

4.1.1 Construction of primary distribution footprint  
To complete the picture of the global footprint of finished goods the primary distribution will be 

discussed in this paragraph. The company has several supply centres over the world and many of them 

are included in case studies. All the export from these countries is assumed to be primary distribution 

because there are hardly any direct deliveries to customers. Next to these countries, the transport in the 

European case study is considered and the approach is discussed.  

The overview of the primary distribution is displayed in Table 11. The total primary carbon footprint is 

estimated to be about 107,000 tonne carbon emissions, of which more than 85% is the result of 
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transport via air. The difference between the secondary distribution concerning total transported mass 

is about 20% which can be allocated to several potential causes in favour of this difference. One of them 

is that not all secondary movements are in the scope as only the ones resulting from the case studies are 

included. It is also expected that some of the outsourced activities are included in the secondary 

distribution phase and not in the primary. A potential cause that is not in favour of this difference is the 

cargo to sales mass ratio as in Table 8. If the weighted average of this ratio (1.3) would correct the mass 

of the cargo than the difference would even be larger: namely 40%. Because no extra data is currently 

available to investigate this it would be something for future examination.   

Table 11: results primary footprint 

 Tonne 
emissions 
Truck 

Mass 
Truck 
tonne 

Tonne 
emissions Air 
(t) 

Mass Air 
tonne 

Tonne 
emissions 
Ocean  

Mass Ocean 
tonne 

sum tonne 
emissions 

Sum t 
mass 
cargo 

Primary 11.814 128,179 91,209 13,521 3,294 22,504 106,550 161,098 

4.2  Total carbon footprint 
The total carbon footprint is a summation of the footprints resulting from primary and secondary 

distribution and is about 147,000 tonne carbon dioxide large. A bit more than 60% of this figure is the 

result of air freight while only 3% of the total transported mass in 2011 is actually using this mode as is 

displayed by Figure 11 and Figure 12. In geographical perspectives, the Asian continent is responsible for 

44% of the total footprint, however only for 25% of the transported mass has an Asian destination (see 

Figure 13 and Figure 14). The reason for this is that large parts of its imported goods are transported via 

air and are originally from Europe. In Figure 28, an overview is given between the mode and 

geographical location of the global footprint. It shows that for every continent, air freight is causing a 

vast amount of emissions. The average footprint per volume in weight what is sold on a certain 

continent is displayed by Figure 15. It shows what the differences between the continents what are the 

results of the supply chain network. On average, goods that are sold close to their manufacturing 

location like the ones in Europe have a smaller footprint than that require long distance shipping. This is 

because in long distance forwarding relatively a lot of air mode is used.  

In the Appendix chapter F, an overview of the footprint and transported mass is given in extensive 

tables. Typical emission factors in gram CO2/tkm and fuel consumption figures are displayed if 

appropriate. A simple calculation shows that approximately 56 million litres of fuel is spent for transport 

movements using road (20 million litres) and air mode (36 million litres). Costs indications for fuel alone 

could be a driver to reduce air and road freight. Options that would then have high impact are modal 

shift and freight consolidation. In the next paragraph, the selected calculation method is discussed.  
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Figure 11: global footprint per transport mode Figure 12: transported mass divided over transport modes 

 

  

Figure 13: global footprint per destination continent  Figure 14: total mass per destination continent 

 

 

 

Figure 15: tonne emissions to tonne mass ratios per destination continent  
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4.3 Comparison of calculation method 
After the case studies and the construction of the global footprint it is interesting to see what the actual 

influence is of choosing the used emission calculation method. To do this, the widely used CEFIC tool for 

chemical companies is compared to the adapted NTM/CRSC approach in the following paragraph. In 

Table 12 various emission factors are given and the variation among the results per distribution type is 

distinctive.  

In general the two methods have similarities; the CEFIC method uses some NTM and IFEU data for the 

construction of its fixed gCO/tkm emission factors. The methods can be compared best by considering 

the emission factors that are the result of the NTM/CRSC method and the input of the CEFIC method.  

Table 12: emission factor comparison of CEFIC against case study averages (avg) 

Distribution 
type 

Brazil China EU Germany Japan Mexico U.S. avg CEFIC difference 
avg-CEFIC 

Parcel- ground       139     134 136.5   

Express             718 718   

LTL 111 79   123 639   53 201 1101 -45% 

Dedicated road 
(FTL) 

  357 133     400 124 253.5 1302 -49% 

Air 
intercontinental 

617  878     817 948 815 602 -26% 

Air continental 894 822     797     838   

Ocean 13   13       13 13 11 -14% 

1 Estimated CEFIC value for average load factor of 30%. 2 Estimated CEFIC value for average load factor of U.S. dedicated truck 

load of 25%.  

The applied method enables the cut in pre and main leg, what would also be possible in the CEFIC 

approach but then by selecting other emission factors. There are two main disadvantages of the CEFIC 

approach. One of them is that fixed emission factors have to be chosen for every type of transport out 

of a database which opposes easy case-specific emission calculations. This database is limited and not 

suitable for the transport parameters that characterizes the typical transported goods: large metric 

volumes. The other disadvantage is that the effect of goods consolidation is only visible when the fixed 

emission factors are correctly adjusted. This is because the total tonne*kilometre remains equal with 

consolidation: shipping twice cargo of 1 tonne over 1 km or once 2 tonne over 1 km, remains 2 

tonne*km while reducing emissions in the latter situation. It is therefore concluded that the CEFIC 

method is less flexible when changes in transport conditions arise.  

An advantage of the used NTM/CRSC approach is the level of detail that offers a case by case view of 

shipments. For every movement it is actually possible to retrieve a ‘tailored’ emission result.  

Furthermore, the estimated consumption of fuel can be used for other purposes. A disadvantage is that 

the case by case calculation is time consuming. The influence of using CEFIC or the NTM/CRSC approach 

is best visible in air freight. Using the CEFIC approach leads to significant differences what does not 

means that this method should be disregarded. The basic CEFIC approach of using an emission 

calculation factor multiplied by the amount of tonne*kilometres can be very useful to get a first 

impression of the size of a footprint.    
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5 Research design for reducing the carbon footprint 
After the construction of the footprint, the next step is to improve it. In the following chapters the 

research design that enables this goal is discussed and research results will provide solutions to the 

following stated problem analysis and second research question.  

Phase 2 problem analysis: 

Many reduction opportunities have been investigated in supply chain literature but sufficient 

research to large implementations are lacking. For implementing purposes it is an advantage 

that emission reduction often goes hand in hand with cost reductions, especially with rising fuel 

prices. However, it is unclear what the best opportunities are for reducing emissions of the 

transport footprint and how to implement these within the company.  

5.1  Second research question 
2. What are the best instruments to reduce emissions resulting from the company’s distribution? 

Sub-questions: 

i) What is the influence of the reduction instrument(s) on the trade-off between emissions and 

costs? 

ii) What is the effect of these instruments on supply chain performance? 

iii) How can these instruments be implemented?  

iv) What is the influence of including air transport in the EU Emission Trade System?  

v) What is the effect of (future) parameters on the supply chain and reduction instruments? 

5.2 Research scope 
The scope to answer the second research question includes the distribution lane of finished goods from 

the plant to the local warehouse, earlier characterized as primary distribution phase. The reason for this 

focus is that the largest part of the constructed footprint is caused by air transport in this primary 

distribution phase. The scope is narrowed down to air distribution with an European origin because their 

organizational setting is situated nearby and information or data can most easily be obtained.  

5.3 Research approach 
In the previous chapters air mode has been identified as the biggest contributor to the footprint, 

especially in respect to air freight with European origin. Kuster (2012) discusses several reduction 

opportunities and ranks the modal shift from air to ocean as one with the highest impact on emission 

reduction. Inter-modal shipping and modal shift has been identified by several other authors like Boere  

(2010), Koc (2010) and Van den Akker (2009), to have good potential in practical settings. Switching 

from air mode to ocean is in accordance with expected changes in forwarding costs that are to rise 

considerably for air shipments (up to factor 10) according to internal calculations of the company.  

The focus in the upcoming chapters will therefore be on the switch from air mode to ocean also called a 

‘modal shift’. To be able to examine the influence on the supply chain, more insight is required. For that 
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reason, two products are selected as case studies. These products are transported from a European 

origin using mainly air mode in 2011. The selection is based on the impact size in terms of costs and 

emissions, and the convenience of data structure and access.  

The impact of switching transport modes will be modelled in a simulation study which is conducted 

using Arena software (Roxwell, 2012). Data is extracted out of several databases to enable a detailed 

view on the supply chain and to construct the necessary parameters needed for modeling. Examples of 

such sources are shipment and inventory files. Data activities consist of the construction of product 

flows with a focus on lead times, analyses of sales data which that is used to build demand distributions 

and interviews with supply experts to understand supply lane restrictions.   

The approach of the next chapters will be to first discuss the impact of shipping via air or ocean in 

emission terms. Then, the finished goods supply chain with origin in Europe is considered in more detail 

and certain supply lanes are chosen for a case study. Next, the influence of the switch is measured using 

simulation modeling. Finally the results are discussed.  

5.4 Effect of modal shift from air to ocean on emissions 
Out of the several case studies discussed earlier a clear picture is constructed of the difference between 

shipping via air or via ocean in terms of emissions. The parameter of concern is the amount of gram 

carbon dioxide what is issued when shipping one tonne of cargo over one kilometre. The difference 

between these parameters for air and ocean freight can run up to factor 50.  

To quantify these differences, a small case study is performed. The switch from air to ocean freight for 

the top 3 destinations of European export is considered. On overview is given in Appendix Figure 60. 

Here it is shown that for European export to these three destinations, 43% of total air mass (volume in 

weight) realizes 42% of air emissions. The ratio air to ocean mass freight is different for every country 

but the worst for Japan in environmental terms, which imports 80% of its mass from Europe via air.  

To estimate what the effect of the switch is, a fixed emission factor of 13 gCO2/tkm is used for ocean 

freight and the increase in distance when shipping via ocean is accounted for (this is about 2-2.5 times 

air distance for Asian destinations. The results indicate that shifting 25% of air to ocean freight for 

freight from Europe to these countries, can lead to a global footprint reduction of 5%. A switch of 75% of 

air freight with European origin can even result in a global footprint reduction of 14%. This would be 

sufficient to comply with the company’s short term goal of 11% in emission reduction.  
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Figure 16: influence modal shift for air to ocean freight from  EU 

5.5 A more detailed view on the supply chain 
It is clear that modal shift has a large impact on emissions. To understand other potential influences, 

more details about the primary supply chain are discussed in Appendix chapter H. Figure 1 presents an 

overview of the primary and secondary supply chain. The processes that typically identify the primary 

supply lane are discussed further on. 

The processes of moving batches of goods in the primary distribution phase are started when the goods 

are released by the plant and arrive at the supply centre. This delivery is more a recording in the 

information systems than a physical movement as the locations are often on the same site. The 

processes are defined next.    

The ‘goods arrive’ at logistics part of the supply centre after which is performed: 

a) Quality check before shipment 

b) Waiting time for transport pick-up 

c) Pre-leg to port of departure  

d) Waiting for main leg 

e) Main leg to port of destination 

f) Waiting time for administration 

g) Delivery leg to local warehouse of destination 

h) Waiting time in warehouse before ‘goods available’ for inventory.  

It could be that various processes happen in parallel which can reduce the lead time of the whole chain 

which is called the ‘total lane lead time’. For example some custom and administration processes are 

finished while the goods are still in the main leg. The main processes are categorized in three stages and 

displayed in Figure 17. Here process a and b are classified in stage one, process c, d, and e in stage two, 

and the rest in stage three. Limited data is available to construct the duration of these stages. 

 

Figure 17: stages in finished goods supply chain 

  



  

32 
  

5.5.1 Challenges in the finished goods supply chain 
Some interesting topics are challenging the supply chain and are extensively discussed in Appendix 

chapter H.III. The key topics are listed as follows: 

 Problems in manufacturing occur regularly and can lead to expediting measures that urge the 
use of air mode. 

 Capacity problems in supply centres are reduced by shipping via ocean. 
 Transport regulatory requirements can increase the forwarding costs of shipping via Air with 

factor 10. 
 Ocean mode offers more quality in terms of safety, package movements and temperature 

control. 
 Batch sequencing requirements reduce the advantage of hybrid mode models (air and ocean 

mode combined) for many destinations.  
 Capacity limitations of forwarders prompt the use of ocean mode. 

5.6 Indications of the effect of modal shifting  
A simple case study in Appendix chapter M describes the influence of the switch of transport mode in 

terms of costs and inventories for a single replenishment cycle. With deterministic parameters it is 

shown that when switching air to ocean mode in similar inventory settings, the inventory level at the 

local warehouse will drop, and the inventory in-transit will rise. However, as will be explained in a 

further paragraph, the change of inventory settings will be required to cope with stochastic influences 

like demand.  

5.7 Modeling the supply chain 
To be able to see the impact of the switch on inventories, a model is proposed that approximates a 

periodic review inventory model with fixed order quantities in a vendor managed inventory setting. The 

assumptions regarding the construction of this model and its parameters are discussed next. A more 

extensive discussion of the parameters and definitions can be found in chapter 5.7.5.  

It is assumed that the supply centre monitors the stock at the local warehouse and decides on 

replenishment modes. In practice the supply centre has accurate and continuous information 

concerning the inventory levels, but changes in manufacturing can only be made on the long term (more 

than three months in the future) or at very high costs. 

Crossover of orders (shipments) could alternately occur due to variations in lead times and 

manufacturing. One can imagine that if the inter-arrival time of goods to be shipped is small, it is 

possible that more recent cargo is crossing cargo of a previous batch. Although in general it is not 

customary to enable crossovers, for one product this is very strict and this is accounted for. 

Lot sizing and inter-arrival time of orders can vary due to many reasons. It is assumed that the amount 

of goods and inter-arrival time of batches are related but are considered constant. This results in 

periodic moments of warehouse replenishment by the supply centre, also called ‘order cycles’ or ‘review 

periods’. This assumption is in accordance with the company’s goal to realize constant production 

wheels.  
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Due to uncertainty in production, transportation and demand, it is expected that stock-outs could occur 

but are minimized by all means. It is assumed that service level requirements outweigh cost 

considerations in replenishment decision making. The choice for air mode can consequently be used to 

handle emergency shipments. This emergency shipment could exist of the complete quantity to be 

shipped or just part of it. In this case, a splitting rule will be used to divide the cargo over the modes of 

transport.  

It is assumed that when preparing the goods for transport, the choice for appointing a certain transport 

mode to a certain amount of goods can be made with the most recent information available which is at 

the end of stage 1. The impact of a decision made earlier could be found in waiting time reduction. 

However, as no data is available this impact is neglected. In practice this will hardly be the case: 

fluctuations for pre-scheduled transport arrangements are then only possible for very small amounts or 

against extra high costs. No data is available about ordering costs which is therefore not included in the 

model. 

Because of high actual service levels (often 100%), it is assumed that weekly sales are a good 

approximation of weekly demand. Although seasonality can exist on a yearly or a monthly basis, this is 

neglected in order to reduce complexity in modeling.  

It is furthermore assumed that all costs in this part of the supply chain are accounted for by the supply 

centre, which is also the only decision maker in the model.  In practice, decisions are the result of 

cooperation between the supply centre and the local warehouse. Transportation costs are accounted for 

by the department of marketing and sales.  

Table 13: assumptions of variables 

Variable Unit of measurement 

Lead times transport modes Weeks 

Quantity of shipment/goods issued from plant Pieces 

Length order cycle/review period/inter-arrival time Weeks 

Weekly demand Pieces per week 

Product value Euro per piece 

Inventory costs factor Euro per piece per period 

In-transit costs factor Euro per piece per period 

Forwarding costs factor Euro per piece per mode 

Order costs N/A 

5.7.1.1 Steps in simulation study 

The previous described model is examined in a simulation study. The following steps are considered in 

the construction of this study (Kelton & Law, 2000):  

1. Plan and structure for simulation study  
2. Collection of data  
3. Model definition 
4. Validation check of conceptual model 
5. Construction of model using software 
6. Validation check of programmed model 
7. Design of experiments 
8. Analysis of output 
9. Presentation of results 
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These steps will be subsequently discussed in the upcoming paragraphs, some more in detail than 

others which are located in the Appendix. 

5.7.2 Plan and structure of simulation study 
The main reason to do a simulation study is to reveal the influence of switching air to ocean in terms of 

emissions, costs, service levels and average inventory performance in a ‘practical situation’. 

Furthermore, the influence of certain system parameters can be investigated that would have less 

meaning if this was done in a deterministic setting.  

The simulation study is based on various scenarios of mode splitting, model parameters and stochastic 

settings for demand. Several ‘splitting scenarios’ define the amount of goods shipped via air or ocean 

mode and compare the performance in terms of costs, stock outs and emissions per scenario. The used 

time unit is in weeks as this is more practical in terms of demand aggregation and offers sufficient detail 

for realistic lead times.  

Although production and sales have a relation with forecasts and inventories, the two are considered as 

separate processes. The production will receive feedback from gross inventory (stock in transit plus net-

inventory). A fixed production scenario is considered with a fixed output quantity that covers its inter-

arrival time.  

Two different supply lanes are chosen with different characteristics. One lane is responsible for a low 

value product called ‘product X’ and the other for a higher value and higher total sales product called 

‘product Y’.  Product X is shipped from Scandinavia to a destination in Central America, product Y from 

West-Europe to Asia. The choice is based on planned operations for modal shifting and on the total 

mass of product type shipped in 2011 to ensure a substantial impact on emissions. The structure of the 

model is visually described by Figure 18. Where the black arrows are flows of goods and the red dashed 

arrows are flows of information.  

 
Figure 18: structure simulation model, flow goods in black, flow of information in red dashed arrows 
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5.7.3 Mode scenarios in simulation 
The effect of the modal shift is investigated using several splitting scenarios: the current base-case 

situation with mainly air freight, a second (or third) scenario with a fixed predetermined split, a scenario 

with a variable order split rule and a scenario with only ocean mode. The variable order split rule 

depends on the local inventory, stock in transit and expected demand. It could be used in the case of 

large inter-arrival times of goods to be shipped and relative uncertain demand. The fixed split 

percentage could be picked randomly or be an abstraction of for example the ratios between the modes 

lead times.  

It is clear that the last scenario has the best emission reduction potential compared to the base-case 

situation. The use of a fixed split or order split rule could result in better performances in terms of 

emissions and service levels. The exact definitions of the split rule is defined in Appendix chapter I 

Table 14: scenario explanation 

Mode scenario Split Air mode Ocean mode 

Base-case No Always None 

Fixed split 1 Fixed  Always Always 

Fixed split 2 Fixed  Always Always 

Split rule Rule Sporadic Often 

Ocean No None Always 

5.7.3.1 Split rule 

The construction of a dynamic order split rule is abstracted from the reorder level as used in fixed 

quantity and reorder-level inventory models (s,Q) which are broadly discussed in Silver et al. (1998) and 

in Appendix chapter I.I.i  

The principle is explained as follows. If the current (gross) inventory level is below the ‘minimum 

required ocean inventory level’, the difference should be shipped via air as an ‘emergency shipment’ to 

prevent stock-outs and reach a certain service level. It can be argued that the safety stock levels which 

are generally defined depending on lead time and review period, can be based on the difference 

between the lead times for air and ocean. This is namely the period of time where the emergency 

shipment would have the ‘optimal impact’ as the option of emergency shipments reduces the risk of 

stock-outs for the period between air and ocean transport arrivals. This is under the assumption that the 

ocean freight will provide sufficient products to comply to demand after its arrival. The actual decision 

for splitting is made at the end of stage 1, just before the pre-leg and start of stage 2 (see Figure 17). If 

the review period is equal or longer than the ocean lead time which is the longest, then the following 

equations could be used: 

                                          {
                        

                                        
 (1) 

                                     {
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5.7.4 Collection of data  
In this step the data collection is explained. The collection of information and data, setting of initial 

parameters and used assumptions, is discussed extensively in Appendix chapter J and here briefly 

discussed.  

To construct the lead times of the various stages in the primary distribution as in Figure 17, two 

databases had to be connected manually. Movements of goods are recorded for stage 1 and stages 2&3 

combined in a so called ‘movement database’. Entrance and leave of the supply centre and local 

warehouse is registered per movement and batch number. To get a clear view about the forwarding 

lead time, ‘shipment data’ is used where unfortunately no batch number is registered so manual 

connection was necessary. In the shipment data the ‘expected time of departure’ that monitors the day 

of pick-up and ‘expected time of arrival’ is recorded for the port of destination. Where the first is rather 

accurate, the latter could vary 1 or 2 days according to supply experts. As no data is available, the record 

expected arrival time is assumed to be true.  

The movement data is used to construct the inter-arrival situation in the supply centre. It became clear 

that one batch can arrive in parts over multiple days. In that case, the last moment of arrival is recorded 

for the complete batch. The quantity of a batch is a simple sum of all arrivals with the same batch 

number.  

For the construction of the demand distribution, forecasts and actual sales data are considered. The first 

is recorded monthly and the latter is available on a weekly or even daily basis. To approach the actual 

relation between forecasts and sales, the standard deviation of the forecast error (the absolute 

difference between forecasts and sales) is used for simulating the standard deviation of the demand. 

The standard deviation combined with the average weekly sales form per product a stochastic gamma 

distribution. This distribution is chosen as distribution fitting of actual sales data did result in the highly 

unlikely fit of an exponential distribution. As is confirmed by Silver et al. (1998) and broadly applied in 

literature, the gamma distribution is often used to simulate demand patterns because of its 

resemblance with the normal distribution and non-negative characteristic. More information on the 

construction of the demand distribution can be found in paragraph J.III. 

Cost parameters are taken from shipment data where costs per movement are recorded. Although the 

total costs of distributing from the supply centre to local warehouse are depending on many factors, it is 
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assumed that the recorded costs account for the total costs so include forwarding, preparation, and 

administration etcetera. 

Parameters for emission calculations are taken from the European export case study and fixed emission 

factors gCO2/tkm are assumed. A differentiation is made for the pick-up and main leg as for the both 

products these differ significantly. Product X is transported from Scandinavia to West-Europe for 

consolidation in ocean transport.  

5.7.5 Model definition  
The sequence of events in the model takes place in between two consecutive weeks. The net inventory 

of the warehouse of period t is first deducted with demand that occurred in period t. Next, this 

inventory is updated if shipments arrived in period t. At last, decisions are made concerning order 

splitting if goods are available for transport.  

 

Figure 19: overview model definition, black is flow of goods, red dashed arrows flow of information 

Although there are several ways to construct safety stock levels, within the company it is not clear which 

equations are applied. The applied levels are the result of negotiations between the supply centre and 

the local warehouse management. Although it is believed that safety levels are officially ‘there to be 

eaten’, actual large inventory levels indicate this is not the case.  

The feedback information flow between inventory and production prevents over- or underproduction, 

while considering the goods in-transit. As in reality, maximum inventory levels are maintained that force 

production to lower output (shipment quantity) until gross inventory levels are under the maximum 

level again. When gross inventory reaches a level below the minimum allowed, the shipment quantity is 

increased with the difference. Historical data and interviews are considered to set appropriate minimum 

and maximum levels, but these suggestions are not always applicable. Therefore the following capacity 

constraints of inventory are used.  
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So the minimum inventory level    is calculated using the reorder level of traditional inventory theory 

accounting for the ocean lane lead time. The safety factor should consider the chance for stock-outs, 

with a stochastic distributed demand. For example, a required 98% service level would lead to a safety 

factor of 2.05 if demand is normal distributed and 2.364 if demand is gamma distributed as according to 

Strijbosch & Moors (1999).  

5.7.6 Interpolated steps 
The following interpolated steps are briefly discussed 

 Validation check of conceptual model: 

Validation of the conceptual model is done by interviewing various experts of the company and 

comparing parameter settings with realistic values.  

 Construction of model using software: 

Arena simulation software is used to construct the model. 

 Validation check of programmed model: 

Pilot runs are performed with only deterministic parameter settings to validate if the programmed 

model functions the way it is intended to. For the splitting rule, the standard deviation of the 

demand is then zero so only the demand during lead time is accounted for.   

 Design of experiments: 

The following table illustrates the structure of the design of experiments per product supply lane. 

Table 15: design of experiments 

Split rule characteristics Only air mode  Fixed split 1 Fixed split 2 Split rule Only ocean mode 

Identification scenario A B C D E 

Number of repetitions 5 5 5 5 5 

Total horizon of simulation 20 years 20 years 20 years 20 years 20 years 

 

5.7.7 Parameter settings 
In this paragraph, the setting of model parameters is discussed briefly. For an extensive discussion see 

Appendix chapter K. The actual transport lead times (stage 2, Figure 17) are considered per mode 

separately, while stage 1 (Supply Centre delay) and stage 3 (Warehouse delay) are similar for both 

modes per product. Data analysis namely indicates that waiting times don’t differ much between modes 

of transport of a product lane and are therefore considered equal. These lead times are fixed at the 

rounded average in working days.  Deterministic values are also set for stage 2 lead times (lead time air 

or ocean forwarding) at levels that include the average plus one value for standard deviation.  
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Starting inventory is for product X is set as 10 weeks of average demand, when ocean mode is used and 

this is reduced with the difference in lead time if only air mode is used.  For product X this means 8 

weeks of average demand if only air mode is used and for product Y 7 weeks. 

The output quantity is set according to the inter-arrival time and a product of this value and the average 

demand. Safety factors are depending on the coefficient of variation in demand. The minimum, 

maximum and safety inventory are set according to equations in chapter 5.7.5. 

The parameter setting in the models are described below. The standard deviation of demand is leading 

to two very different coefficients of variation for product X cv=0.67, and for product Y cv=0.19. For the 

case of only air shipments, the supply lane is modelled using adjusted settings to imitate reality.  

Table 16: simulation parameter setting 

Prod. avg 
demand 

start 
inv. 

output 
inter-
arrival 

output 
quantity 

SC 
delay 

lead 
time 
air 

 lead 
time 
ocean 

Ware-
house 
delay 

stdev 
demand 

safety 
factor 

Min. inv Max. inv safety 
inv 

Unit Piece Piece Week  Piece Week Week Week Week Piece n/a Piece Piece Piece 

X 1.860 18.600 8 14.880 3 1 3 1 1.245 2,364 20.807 37200 7.787 

X: 
only 
air 

1.860 14.880 8 14.880 3 1 n/a 1 1.245 2,364 16.084 27.900 6.784 

Y 3.970 39.700 2 7.940 1 1 5 2 764 2,05 36.189 67.950 4.430 

Y: 
only 
air 

3.970 27.790 2 7.940 1 1 n/a 2 764 2,05 19.012 34.892 3.132 

 

5.7.8 Analysis of output 
The output of the simulation models are used in the following equations to calculate the supply lane 

costs        and tonne emissions         for product j, in a certain period starting at moment k and 

ending at the end of P. The setting of the various equation parameters can be found in Appendix chapter 

K. In short, the costs are calculated average inventory on hand in the first part of the cost function. The 

second part considers the costs for sending goods via Air during k-P, including in-transit, forwarding and 

waiting costs. The last part considers ocean shipment with the same structure.  

For emission calculations, the total weight of the shipment, the distance and the emission factor is 

considered per leg type, transport mode and over the time period k-P.  
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Comparison of model configurations 

The simulated models are compared with actual 2011 data. Up front is known that relatively high 

inventories are present at the local warehouses for both products and it would be interesting to see the 

difference with the simulation models.   

Results of the simulated models are compared using a ‘Paired-t Confidence’ interval as described in Law 

& Kelton (2000). This is enables comparison between several models and per experiment run. In 

Appendix chapter 5.7.8 the method is outlined. As the amount of simulation repetition n is relatively 

small, the outcomes of the test are less powerful what is considered during the analysis.  
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6 Discussion of simulation results 
In this chapter the results of the simulation studies are discussed. The distinction in product X and Y is 

maintained for discussing the analysis during this chapter and finally more general conclusions will be 

given in the last chapter.   

The results are mainly displayed in graphs in the following paragraphs and more extensively in tables in 

the Appendix. Often different phases of the time horizon are listed. A distinction is made between yearly 

results for the first year after the start of simulation, the 10 to 20 year horizon and the total horizon of 

20 years.   

6.1 Results simulations product X  
Simulation results for the various scenarios are displayed in the Figure 20 and Figure 21.  They indicate a 

big difference in performance concerning long term total yearly costs of up to factor 3 between ‘only air’ 

and other scenarios. In emission perspective this is even larger. 

 

Figure 20: simulation results in costs and emissions, product X 

The data in Figure 21 shows that the average performance in the first year after the switch is worse than 

the overall yearly average on the long term (between 10 and 20 years). In comparison to the actual 2011 

data; all the modelled scenarios have a better performance in terms of days on hand of at least -28%, 

although not matching the service level of the actual situation of 100%. In the first year after the switch, 

the stochastic influence of the demand is visible in more stock-out occurrence and thus lower service 

levels.  

 

Figure 21: simulation results in days on hand and service level, product X 
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Comparison of scenarios 

In order to compare the varying scenarios, the t-test method as discussed in chapter 5.7.8 is used. Table 

67 displays the differences in terms of stock outs occurrence in the 10-20 year horizon that is examined 

using t-tests. As the ranges for each parameter are not unambiguous positive or negative, even not with 

a 90% confidence interval, the scenarios seem to perform equal in terms of stock outs and thus service 

level. This is however not the case when days on hand are compared; unambiguous ranges with a 95%-

significance are distinguished as displayed in Table 68.  

Parameter analysis 

Using a 2k-p fractional factorial design the influence of several parameters is investigated (Law & Kelton, 

2000). The results are displayed in Appendix chapter N.II.i. The ‘10% via air’ scenario is used as the 

standard scenario and the influence of the parameters is analysed with the performance criteria ‘stock-

out occurrence’ and ‘days on hand’ in a ‘ceteris paribus’ setting. As one can see in Figure 69 and Figure 

70, the reduction of waiting time has a significant influence in both the performance criteria. The change 

in the coefficient of variation has a large but not an ambiguous influence and the smaller arrival interval 

leads to the reduction of about one week of average days on hand.  

6.1.1 Conclusion simulation product X 
The chosen construction of the simulation model offers insights in the effect of shipping via air, ocean or 

a combination of both for the supply lane from Scandinavia towards Central America of product X. The 

proposed split rule offers a better result in terms of service levels in comparison to other scenarios and 

in emission perspective it is only outperformed by the ‘ocean only’ scenarios. The use of the split rule 

does result in a relatively high inventory level at the local warehouse.   

Although every scenario simulated is able to attain similar high service levels, the long term average 

days on hand can differ. The parameter analysis indicates that the reduction of the waiting time in the 

supply centre can result in a moderate performance increase of zero stock occurrence, but leads to an 

increase in the days on hand in the warehouse. This seems very plausible as the goods are ‘faster’ 

pushed downstream from the supply centre to the warehouse while other parameters remain equal. An 

indication of the influence of adjusting the system to the total lead time is seen between the scenarios 

of ‘only air’ and ‘only air adjusted’, where in the latter model the system is adjusted to the smaller total 

lane lead time if only air mode is used. This results in significant savings in inventory at the local 

warehouse in terms of days on hand, particularly if the scenario is compared to actual 2011 data. The 

last line of Table 65 shows that stochastic inter-arrival times (P(R≤4)=0.25, P(R≤6)=0.5, P(R≤8)=1) have a 

slight influence on the model. This can be clarified by the quantity of shipment that is equal to its 

expected demand during the inter-arrival time. Would this not be the case, the influence of inter-arrival 

times is expected to be much larger.  

The relationship between product value and total yearly system costs is displayed in Table 69. The 

results in Figure 22 indicate that even with very high rising of product value for a supply lane like of 

product X, switching transport mode will be worthwhile. An increase in air freight costs will justify the 

switch even more.  
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Figure 22: Influence product value on total costs compared to only air, product X 

Switching transport mode for product X from completely air to (mainly) ocean can result in cost 

reduction of up to 60%, service levels of at least 96% and an emission reduction of up to 96%. The data 

of the first years of simulation show that these are worse than long term average and short term 

improvements such as higher ‘starting inventory’ or ‘minimum required inventory‘ could be thought of. 

Considering the option of sending the shipments partly via air would of course result in higher emissions 

but it is expected to improve the service level after the switch as well.  

6.2 Results simulations product Y 
The results of the simulation of lane Y shipments from West-Europe to Asia are discussed in this section. 

In Figure 23 and Table 13, the performance in emissions and total yearly costs is displayed. Note should 

be given to the fact that scenarios of crossover allowance that did have a similar performance as those 

scenarios with no crossovers of shipments (characterized as ‘no-co’).  The reason for this is that often 

sufficient inventory is present and the holding costs for waiting in stage 3 are considered equal to the 

holding costs for inventory that is ‘ready for sale’. So with sufficient inventory there is no reduction in 

total costs as it makes no difference in the waiting location of the products, but it does mean an increase 

in days on hand in the local warehouse.   

 

Figure 23: simulation results in costs and emissions, product Y 

In Figure 24, the average days on hand in the warehouse are displayed per scenario. Hardly any stock 

outs occurred in the simulation, which is due to the certain ‘low-risk’ model settings like ‘minimum 
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required inventory’ and a low coefficient of variation. The adjusted settings in the ‘only air adj.’ scenario 

that account for shorter total lane lead times (4 weeks instead of 8), result in less inventory on hand. 

Also if compared with the actual performance in 2011.  

 

Figure 24: simulation results in days on hand and service level, product Y 

Comparison of scenarios 

The comparison of the scenarios in terms of days on hand is displayed in the tables in chapter O.II.i. 

Although the average days on hand of the ‘only ocean’ scenario is clearly more than that of ‘only air adj.’ 

the t-test cannot provide a 95% significant unambiguous interval but only a 90%. Compared with the 

actual performance in days on hand, the simulated scenarios are performing better. Especially the ‘only 

air adjusted’ scenario performs well, with 62% less days on hand and a long term service level of 99.9%.  

If the costs are compared, the relatively small difference of up to 17% in total costs between ‘only air’ 

and ‘only ocean’ are credit to the large in-transit costs of product Y if ocean mode is used. The 

difference between the ‘20% air’ and ‘only air’ scenarios is very small indicating that for product Y, 

shipping more than 20% via air is less beneficial in cost perspective than shipping everything via air.   

The influence of changes in factors for product value and air forwarding costs is visible in the graphs in 

Appendix chapter O.III . Here it is clear that the product value has a large influence on the success of the 

switch. If the value is increased with over 30% the modal shift becomes less beneficial in costs 

perspective as is displayed in Figure 25.  

 

Figure 25: influence product value on cost trade-off product Y 
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Parameter analysis 

The parameters ‘inter-arrival period’, ‘coefficient of demand variation’ and the minimum inventory level 

are analysed using full factorial analysis. Just as for product X, the changes in parameters have no 

significance influence on the zero-stock occurrence in the horizon of 10-20 years. In terms of weeks on 

hand and emissions, all changes in single parameters have a 95% significant result. However, also 

interaction effects exist. Therefore the effect of a single parameter cannot be interpreted as directly as 

the interval suggests and the interaction effects imply that a single parameter is depending on the level 

of others. For example in the case of the relation between a higher coefficient of variation and minimum 

allowed inventory. Meta-modeling could be used to examine the relation between these parameters.  

6.2.1 Conclusion simulation product Y 
The simulation of the product Y lane renders the influence of high product value on the performance of 

various scenarios in terms of costs. The switch from an ‘only air’ freight to an ‘only ocean’ scenario 

seems feasible in the current model; resulting in high service levels, reducing emissions but increasing 

days on hand compared to the ‘only air’ scenario. Compared to actual inventory data, the days on hand 

of ‘only ocean’ scenario is about 30% less than the actual result in 2011.  

Even if the coefficient of variation of the demand rises, the modelled supply lane should be able to cope 

with these fluctuations in demand what will result in higher inventories (see Figure 76). With the current 

low variability in demand good results can even be obtained in the first year with considerable fewer 

days on hand as is displayed in Figure 24. 

Neglecting the batch-sequence restriction for product Y results in a minimal effect in performance of the 

fixed split scenarios because waiting goods in stage 1 and 3 are rated against similar holding costs as 

inventory that is ready for sale.   

Changes in cost parameters for air transport and product value have a large influence on the total costs 

of the scenarios. The impact of forwarding costs in total costs, are however smaller due to the large 

product value and in-transit costs. In the current modelled supply lane, an increase of the product value 

with about 40% will favour the financial performance of the ‘only air’ scenario as is confirmed by Figure 

25.  

6.3 Conclusion simulation modelling 
In this paragraph the overall conclusion of the simulation modelling will be discussed and an overview of 

the results is given. In general, the produced simulations indicate that positive results in terms of 

emissions, costs, inventory and service levels, can be achieved in both supply lanes when moving from 

air mode to ocean. The biggest impact in terms of costs can be realized for products up to a certain cut-

off cost value level up to that of product Y’s. An (expected) increase in air transportation costs will 

increase this cut-off level.  

To combine the large impact of emission reduction with a reduction in costs, product lanes should be 

selected based on certain characteristics. The first is a sufficient volume in terms of quantity and mass to 

make sure the impact on emissions is worthwhile. Next, the transportation cost structure is important. It 
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has been shown that equal or better performance in inventories and service levels can be achieved as to 

actual 2011 data, as can be seen for example in Figure 26.  

 confirms that the difference in costs structure of shipping via air or ocean can differ a lot per product 

type and on a costs per piece basis. In general, higher inventory levels are required for ocean than for air 

to ensure sufficient service levels. Long distances between origin and destination (for example from 

Europe to East-Asia or Oceania) results in large lead time- and thus large in-transit costs differences 

between air and ocean. If so, only products with a cost value range that is about equal to- or lower than 

that of product Y are profitable for modal shift. The shorter the distance, the higher the product value 

can be. Furthermore, to complete the consideration of the transport cost trade-off, the forwarding cost 

difference between shipping via ocean or via air should be considerable, which generally is the case.  

Another characteristic for an easy switch would be low coefficient of demand or sales variation, which 

requires lower inventory levels. A good indicator would be an average forecast accuracy of higher than 

0.8.  

 

 

Figure 26: comparison performance simulation models X & Y Figure 27: costs per piece; ocean costs compared to air costs 

 

Large inventories are the reason for the 100% actual service levels in 2011. In a supply lane with a low 

amount of yearly deliveries like for product X, high inventories are required to account for highly 

variable demand. It is self-evident that in a supply lane with more deliveries and less variable demand, 

less inventories are required which is also confirmed by the simulation results. Moreover, It has been 

shown, that with considerable less days on hand than actual in 2011, high service levels can still be 

obtained in the long term for both products with different coefficients of demand variation.  

On the short term, or in the first year after the switch, the service levels can form a challenge in both 

supply lanes if only ocean mode is used. The results indicate that the use of a hybrid model or 

adjustments in parameter settings can contribute to higher service levels on a short term. In the case of 

a varying demand and less frequent inter-arrival times of shipments, a variable split rule as presented in 

the previous chapters would be worth considering.  This split rule is outperforming the other scenarios 

on the long term in almost all performance criteria, see chapter N.  

In Figure 81, Figure 82, Figure 83 and Figure 84 a summary is given of the results of the modal shift in 

terms of costs and emissions. As is confirmed by the case studies in previous chapters, the pre-leg for air 

mode is of minimal influence in emissions. This is not the case for ocean freight where the pre-leg for 

product X is even more polluting; this is due to its ‘de-tour’ via land for consolidation in West-Europe. 
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7 Conclusions and recommendations 
In this chapter, answers are given to the two research questions and their sub questions. Furthermore, 

recommendations are discussed in the last paragraph.  

7.1 Conclusions and answers to first research question 
In the past chapters a global footprint has been constructed with incomplete data. In this paragraph, 

overall conclusions are drawn from previous findings and the first research question is answered after 

first answering to sub questions. 

How can a global footprint be constructed without complete and exact shipment data available? 

Movement data like shipment and delivery files are combined with (estimated) parameters in various 

case studies to construct certain footprints. The resulting emissions to mass ratios of these case studies 

are used as leading examples in the estimation of the remaining footprint where no case studies were 

possible. The case studies had attention for about 63% of the total external mass sold in 2011. Note 

should be given to the fact that sold finished goods are expected to be transported at least twice; once 

in the primary- and once in the secondary phase.  

What is the influence of the lack of data and parameters, and how is this resolved?  

There is a key role for the relation: ‘case study emission to mass ratio – quantities sold per SKU – weight 

per SKU’ in the construction of the global footprint. The influence of the lack of data is substantial in the 

case studies and several assumptions had to be made. These were either based on reasoning or 

parameter data from similar calculation methods or case studies. Per case study several sensitivity 

analysis were examined that resulted in more knowledge about ‘high-impact’ parameters. One of them 

is the accounted distance which air freight actually travels if several stops are present and only the 

origin and final destination are known. The longer the absolute distance the less the influence is of the 

amount of stops on the footprint of a journey which is shown in Figure 47. The relation of travelled 

distance to emissions is about one to one so this problem also occurs in ocean and road transportation. 

For road mode it is often unknown on what location and how many stops are performed. Estimations 

for these parameters are set in a case by case situation.  

Data mining was necessary for the weight per SKU and this is recommended for improvements. The 

quantities per sold SKU are considered accurate as this is a distraction from confirmed sales and 

inventory data.  

What are the influences of using the NTM-CRSC or CEFIC method for the company’s footprint? 

In chapter 4.3, the both methods are discussed extensively. Results show that the CEFIC method is 

leading to similar results for road mode if the right parameter combination is chosen. However, in the 

case of air-freight, the both methods show great differences. This also implies that in the perspective of 

the total footprint, the CEFIC approach can lead to a difference of about 62%*30%≈20% in estimations. 

The advantage of using the CEFIC method (possible with adjusted emission factors) is that a footprint 

overview could be quickly constructed.  
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How can emissions from distribution be monitored in a reproducible way?  

In Appendix chapter E.IV the reproducibility of the footprint is explained. In brief, many conditions can 

bother the reproducibility of the approach. The main influences are changes of certain transport 

conditions like travelled distances and mode use. If these changes are not present, the up to date sales 

volume combined with accurate sku-weight data, allow for a substantiated estimation of the footprint. A 

transparent organization is required to keep up to date information about these changes. For the global 

footprint, it could already be a big step to monitor the use of air mode in a more transparent way and 

create awareness of the impact certain transport modes.   

1. What is the company’s global footprint of distribution? 

In the previous chapters a certain approach is used to construct the total carbon footprint of finished 

goods transportation with limited available data. Case studies have been used to construct so called 

emission ratios that express the polluted carbon dioxide in mass of goods transported. In Figure 28 an 

overview is given of the footprint per transport destination in terms of continents.  

The answer to the first research question is amplified in more detail in chapter 4.2 and stated shortly as 

a 147,000 tonne carbon dioxide footprint. This means the company requires almost half a kilo of carbon 

dioxide to sell you one kilo of its products, while selling their products all over the world.  

  

Figure 28: percentage  of total footprint, per mode and geographical destination 
perspective 

Figure 29: modal shift potential in % 
and tonne emissions 

 

7.2 Conclusions and answers to second research question 
The constructed footprint clarifies that although only a small part of the total movements are moved 

with air transport, this mode is responsible for the largest part of the global carbon footprint.  Hence, 

reducing air freight is a good reduction option with the largest impact on the total global footprint. This 

choice is supported by the company’s desire to reduce air freight because forwarding costs are expected 

to rise substantially. In this chapter, overall conclusions are drawn from previous findings and the 

second research question is answered after first replying to the sub questions.  
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What is the influence of the reduction instrument on the trade-off between emissions and costs? 

 It has been shown that large cost and emission reductions can be the result of switching mode from air 

to ocean. As is discussed in paragraph 6.3, gains in forwarding costs and losses in inventory costs often 

exists and are due to various parameters. Factorial forwarding cost differences between air or ocean 

mode are about similar over 2011 data from Europe. Higher inventories for ocean mode are required to 

keep high service levels of up to 100%. In-transit costs differences are also in favour of air mode. The 

main parameter determining in-transit and holding costs is the product value. Together with the 

difference in mode lead times these parameters mainly determine if a split is profitable. This results in a 

financial challenging case for long distance supply lanes with a large lead time difference between air 

and ocean. Even more if the product cost value rises above a rough ‘cut-off value’ of 150 euro per SKU-

unit. In Figure 31, the feasibility of a switch and the relation between product cost value as well as mode 

lead time difference between air and ocean is displayed. The expected rise of air freight costs will 

however increase this cut-off value significantly. For every air supply lane around the world, the modal 

shift can result in a reduction of up to 95% in emissions, creating a 59% global footprint reduction 

potential if emissions from road mode remain equal. 

 

 
 

 

  
Figure 30: profitability of switch Figure 31: financial feasibility switch for 

holding and in-transit costs 

  

What is the effect of these instruments on supply chain performance? 

The effect of the modal shift on supply chain characteristics is depending on various parameters. 

Simulation results indicate that equal performance as in 2011 in terms of average inventories can be 

accomplished after shifting modes. Similar performance in service levels can be challenging, especially in 

the year directly after the switch, and when few shipments, infrequent inter-arrival times and large 

variation in demand are present. In general, the use of ocean mode will increase the stock in-transit and 

reduces the flexibility, but is not per definition reducing the supply lane performance.   

How can these instruments be implemented?  

To implement the instrument of modal shift, certain air-mode supply lanes should be selected that meet 

several criteria. An important criteria is high total mass of yearly sales that is transported via air to 
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ensure a sufficient impact on emissions. Furthermore, the product cost value cannot exceed a certain 

level depending on the differences in lead times between modes and forwarding costs. The relation 

between total mass and product value is displayed in Figure 85. It shows that 5% of the products with 

the highest ratio of total mass to product sales value (considered a representative for product cost 

value), are responsible for almost 60% of the total yearly mass sold in 2011. Furthermore, variation in 

sales has a large influence on inventory level for ocean mode. Consequently, supply lanes with large 

forecast accuracy are most ideal. The switch of transport mode will also require consideration of supply 

lane parameters like lot sizing, starting inventory, safety stocks, maximum allowed inventory, and other 

modal shifting influences that all need cooperation with the receiving warehouse.  

What is the influence of including air transport in the EU Emission Trade System? 

During the time of this project, the situation of air transport in the EU ETS is rather indistinct and the 

influence of the inclusion in the EU ETS is difficult to determine. The price of one tonne carbon dioxide is 

considered as a reasonable indication; it sunk in the summer of 2012 below 10 euro per tonne. The 

scenario of only air shipments for product Y results in about 3000 tonne carbon. The direct purchase 

costs of this carbon amount would be at most 30,000 euro. This is about 14% of the total 2011 supply 

lane costs for product Y. Because it is very unlikely that the forwarder would have to buy all the 3000 

tonne carbon on the market, it will reduce the influence of the inclusion of air transport in EU ETS on the 

company’s forwarding costs significantly. The same reasoning can be applied to the total carbon 

footprint which indicates that the influence of the EU ETS inclusion is very minor.  

What is the effect of (future) parameters on the supply chain and reduction instruments? 

Results indicate that uncertainty in manufacturing and demand combined with high service level 

requirements, lead to choices for holding large inventories in local warehouses. Simulation studies have 

shown that with parameters as fixed production wheels and strict requirements for minimum and 

maximum inventory levels, costs and emission savings can definitely be generated.  

Total ocean lead time, transport and product costs have large influences on the costs trade-offs, which is 

likely to change in the future. Switching the transport mode for relatively cheap products with large 

sales volumes, is considered very beneficial. The influence of batch sequencing is minor when relatively 

large inventories are kept at the local warehouse.  

2. What are the best instruments to reduce emissions resulting from the 

company’s distribution? 

Although only one instrument of emission reduction is extensively investigated, the results are 

promising in terms of emission reduction with a potential of up to 59% of the global footprint. 

Simulations have shown that equal or better performances than 2011 can be generated in terms of days 

on hand, service levels and total yearly costs. A focus on a small percentage of product lanes with largest 

yearly mass of sales, low to moderate product cost values and high forecast accuracies; can lead to large 

cost and emission savings. It is expected that the introduction of a modal shift for several of these types 

of product lanes will be sufficient to comply with the short term company goal of 10% total carbon 

reduction.  Special note should be given to the many challenges that have disabled modal shifts thus far.  
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7.3 Recommendations and directions for further research  
The design of a solution to the footprint building and reduction problem of the company has led to the 

following recommendations and directions for further research.  

7.3.1 Recommendations 
The following recommendations are made to the company.  

1. Method of calculation and information systems 

The use of the NTM/CRSC approach enables future adjustments in certain parameters like load factors 

or fuel consumption rates if more information becomes available. The method offers sufficient detail to 

show changes in transportation conditions like consolidation. To see improvements or deterioration, it is 

recommended to maintain consistency in footprinting.  

 For future footprinting, the resulted emission factors in gCO2/tkm and emission ratios can be used and 

applied to associated distribution types or geographically regions. This approach can also be practiced if 

movement data is centralized in a new information system. It is therefore recommended to account for 

opportunities of emission calculations in the current plans for these new information systems.  

2. Role of forwarders 

During this project, it became clear that many freight forwarders are spending an increasingly amount of 

effort in footprinting their operations. Unfortunately, synchronization is lacking and offered results vary 

greatly in quality and detail. Although there are certain plans in the transport industry to generalize the 

method of emission calculations (for example by IATA in the aviation sector), the company is advised to 

keep control over their footprinting operations to preserve consistency. The forwarders can however 

provide nice insights, an example is the case of American parcel distribution and the use of air mode.  

3. Weight data per SKU 

To determine the weight of goods sold, so called ‘master data’ is used that includes the SKU’s gross 

weight and net weight. As discussed in Appendix chapter E.I.i, the quality is not optimal and could be 

significantly upgraded to improve the accurateness of further calculations.  

4. Reproducibility  

The designed approach offers many findings that can be used to reconstruct the global footprint on 

various levels. Reproduction can take place on the absolute top level per continent using total mass of 

sales and emission to mass ratios. At a lower level, typical emission to mass ratios per mode or even 

emission factors of gCO2/tkm can be applied. Large changes in supply chain operations such as location 

and use of supply centres and warehouses, or fluctuations in sales and movements, can prompt for new 

case studies. It is recommended to use similar parameter settings as has been done in the case studies 

to maintain consistency.   

5. Considerations of supply parameter responsibility 

During this study it became clear that decisions over supply chain parameters like mode of transport and 

minimum or maximum inventories, are not always made by the entity that is actually paying for the 

consequences. Marketing departments of the local warehouses bear the costs for transport, while the 

supply departments are responsible for inventories. The first has only one incentives and that is selling 
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as much as possible with maximum service levels and cares less about the transport costs. The latter 

aims to minimize inventories. These incentives have a contrary effect on environmental performance 

and a continuous encounter over supply parameters. More insights in for example the marketing of 

trade-offs between optimal service levels, costs and footprint reduction could be of interest for certain 

products.  

It is recommended to align all these interests over all the supply chain stakeholders and if appropriate, 

to enforce emission reduction measures in a top-down setting. The results of this study can be used to 

create consciousness in the cost reduction potential of modal shifts while simultaneously contributing to 

a ‘cooler climate’.   

6. ABC categorization of products 

The ABC classification can help to improve the focus and impact of emission reduction efforts as is 

discussed in several studies like Van den Akker (2009). Several topics have to be addressed in modal 

shifting and effort can be minimized if the focus is on A or ‘high’-B class products. For these products the 

most important topics are: mode use, product cost value, quantity of sales and forecast accuracy. 

Currently, hardly any centralized transparency is present on a product level and improvements are 

highly recommended.  

7.4 Directions for further research 
Several directions for further research are discussed next. 

1. Emission calculation methods 

The amount of adjustments and estimations per case study indicate that the established calculation 

methods are lacking sufficient detail to cope with the distribution of ‘volume goods’ or so called 

consumer products. These products have a relatively high value, large metric volume and low weight. An 

example of the impact in results can be found in the United States case study (Appendix chapter  D.III) 

where emission factors of gCO2/tkm for parcel distribution are relatively high and approach those of 

normal air freight. 

Allocation of emissions to responsible parties has been done on a ‘weight basis’ and accurateness is 

questionable. This has mainly to do with the assumed load factors percentages that are used by several 

calculation methods like NTM/CRSC and IFEU.   

Another direction in the topic of calculation methods, are the parameters for air transport. It has been 

shown that airplane type, routing and the stops can change emissions significantly (see Figure 47 and 

Table 25). Yet not much research has been done to practical application and settings of these 

parameters that have a considerable influence on the total footprint of companies. Forwarding 

companies and industrial organizations like IATA for the airline industry can play a crucial role in case 

studies as this topic should be discussed in academic literature.  

Next, hardly any research is available that addresses the differences between the footprinting 

opportunities in a scope 3 and a scope 1 setting. The level of detail available in the environment of a 

forwarder (scope 1) can offer indications of the calculation bias in scope 3 footprinting.  
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2. Inventory modelling and emission reduction opportunities 

In this study, simulations of a case specific inventory model have been used to investigate the impact on 

emissions and costs of air to ocean modal shift. As is discussed in chapter 1.1.5, the attention to this 

topic in supply chain literature is limited. Further research can include the interest of carbon reduction 

opportunities in supply chain parameter optimization and decision making.   

In particular, various supply chain parameters are of interest. In the performed simulations, fixed 

forwarding lead times are assumed while data indicates that the coefficient of variation per transport 

mode can differ from 0.1 for ocean up to 1.5 for air mode.  

Other examples are how to model the relation between forecasts and sales in a vendor management 

setting (VMI). The transparency of VMI enables the supply centre to react accurate to changes in the 

supply chain. It would be interesting to see the difference in modal shifting results in a more traditional 

supplier customer setting.  

The proposed split rule that is applied to supply lane X leads to nice results in terms of both costs and 

emissions. Research to a more general rule that can be applied in various supply chain circumstances 

would be interesting. The main part of the literature in mode splitting is currently focused on costs 

optimization while it is shown that this is not necessarily the case in practice.   
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Overview of Abbreviations 
cv; coefficient of variation, is the standard deviation divided by the average and indicates the 

relative variation in the sample 

Destination continent; used to indicate the allocated emission, within the company this is done by 

the country destination of all freight 

Emission factor; expressed in gram carbon dioxide (gCO2) emitted by transported 1 tonne of goods 

over 1 kilometer. Often used as an environmental performance indicator for transport modes and 

distribution types 

Emission to mass ratio; sum of emission resulting from transport of certain goods divided by the 

total mass in weight of these goods 

Footprint; overview of emitted carbon dioxide in scope 

Load factor; utilized capacity of a vehicle by the total cargo in terms of weight 

Mass; used to express the total weight of something 

Mode of transport; used to characterize the transportation on the highest level possible, i.e. air, 

ocean, rail and road.  

Movement data; recorded information about transportation, could be shipment or delivery data 

Primary distribution; the transportation of goods between the supply center and country warehouse 

Secondary distribution; the transportation of finished goods between the country warehouse and 

local external customers 

SKU; Stock Keeping Unit, or unique product 

t or tonne; 1000 kilo of weight 

TE; tonne emissions, used to express the total weight of the emitted carbon dioxide 
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Appendix  

A. Introduction and research approach 

 

Figure 32: scopes according to GHGP (2004) 

Scope 1 emissions are emitted by sources owned and can be calculated using data about their energy 

usage (often fuels) which should be in the possession of the owner. For scope 2 emissions, the supplier 

of energy is able to do the same or estimations could be used by the buyer. Emissions resulting from 

purchasing logistic operations can be regarded as scope 3 emissions. In this case, data about actual 

energy usage is often not available to the service-purchasing company.  

A.I. Emission reduction opportunities in case studies 
Reduction opportunity  Maximum reduction Influence of the company 

reduction of GHG intensity of fuels  None 

improvement of energy efficiency of 
vehicles 

For air/water; improvements of 50% in 2050 None 

increased use of alternative energy 
carriers 

emerged bio-fuels; estimated reduction in 
2050 by +/- 30% compared to 1990 levels  

Minimum 

   

Optimizing driving behaviour <10% (TOTB, 2011) Minimum 

Maximizing utilization of vehicles <20% (Boere, 2010),  
<4% (Koc, 2010),  
<30% (Van den Akker, 2009) 

Moderate  

Mode selection <50% (Boere, 2010),  
<30% (Van den Akker, 2009) 

Large  

Using VMI <70% (Boere, 2010), <40% (Koc, 2010) Large 

Reduce empty kilometres <25%km(CRSC, 2009), 
 <5% (Koc, 2010), <60% (Van den Akker, 2009) 

Moderate 

Improving forecast accuracy <10% (Koc, 2010) Large 

Inventory near customer <60% (Koc, 2010),  
<50% (Boere, 2010), 
<90% (Van den Akker, 2009) 

Moderate  

Changing ordering behaviour  moderate 
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A.II. Global external sales data 2011 in million quantities from 

manufacturing continent 

 

Figure 33: global flow of goods in terms of million quantities 

Table 17: overview destination and origin of total sales 

Manufacturing origin  % of total quantities of 
goods sold 

% sale destination within 
home continent 

EU 47% 70% 

Third party 14% N/A 

Asia 14% 98% 

North America 10% 88% 

South America 9% 93% 

Central America 5% 77% 

Africa 1% 99% 

Australia & New Sealand 0% 94% 
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A.III. Overview of approach for construction of the footprint  

Case studies

Preperation

Building global footprint 

Collection of 
distribution 
information

Collection of 
shipment data

Setting emission 
parameters

Calculating 
footprint

Result- and 
sensitivity 

analysis

Determination of 
calculation 

method

Discussion of 
emission 

parameters

Structuring and 
generalization of  

output case 
studies Matching and 

construction of 
global footprint

Categorization of 
non-case study 

distribution

 

Figure 34: overview approach for construction of footprint 

B. Important considerations in calculating emissions 
In this chapter the important parameters in emission calculation are discussed. The method of 

calculation can be found in the Appendix and in the literature study of Kuster (2012). The parameters 

that are accounted for in emission calculations according to the method are discussed next.  

B.I. Emission parameters  
The NTM/CRSC method is an ‘activity-based’ method that estimates the level of fuel consumption and 

resulting emissions on the characteristics of the vehicle and the covered distances. Typical 

characteristics of the vehicle are the utilization, cooling, fuel consumption rates etcetera. Distances 

include the actual distance the cargo is transported but also the empty distances per vehicle. All these 

parameters are discussed next. Influences like terrain or weather resistance, driving behaviour and 

vertical handling, are left out of scope due to a lack of information, leverage or reliable estimates.  
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Fuel consumption rates 

The NTM/CRSC method offers a broad database of fuel consumption rates specified by transport mode 

and type of vehicle. Sources of this database are several types of research done over the past decades. 

The main concern is that the database is not fully up to date and only considering vehicle types older 

than 4 or 5 years. To cover this, other sources are examined and discussed per case study. Fuel 

consumption rates can be adjusted to expected road types as is displayed in the following table. The 

differences per road type can be large.  

Table 18: road type and fuel consumption 

Road type Highway Rural  Urban 

Percentage per travelled distance (NTM Road, 2008) 85% 10% 5% 

Example litre fuel consumption per driven km for full 40t truck 0.23 0.318 0.504 

 

Load factors 

The load factor, or ‘utilization of cargo capacity’, can be based on weights, chargeable weight or volume. 

The load factor or ‘net cargo’ of the vehicle has influence on the emitted carbon and the allocation of 

that carbon to the responsible cargo. Because the weight of the cargo has the only direct influence on 

emissions, load factors are in this study based on weights. If consolidation is used, it is often unknown 

what the exact load factor is of the vehicle and estimations are required. Table 19 includes load factor 

settings and is differentiated per mode and cargo type.   

Table: assumed cargo weight load factors per mode and transport type as in the CRSC/NTM report 

(2009) and IFEU (2011). 

Table 19: load factors per mode of transport 

Load factors 
per mode 

Air Air Rail Rail Road Road Road Water 

Cargo Dedicated 
cargo 

Passenger & 
cargo 

Average Volume Bulk Average Volume/ 
parcel 

container 

CRSC (2009), 
NTM (2011) 

80 85 72 44 80 50 50 80 

IFEU (2011) 60 
(average) 

70 (average) 60 30 100 60 30 85 

 

In the following figures, the influence of the load factor on the emission factor gram CO2 per driven 

tonne*km is displayed. The large difference in emission factors is a good example of scale advantages of 

cargo capacity. The load factor is a percentage of the capacity in tonnes of each truck.  
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Figure 35: relation load and emission factor 40t truck Figure 36: relation load and emission factor 7t truck 

 

Temperature control 

There are various cases of temperature controlled freight, however from literature only one parameter 

setting is used namely a 20% increase of the emissions resulting from moving the cargo (empty 

distances excluded). 

Cleaning 

In some methods, emissions resulting from cleaning with high energy means are accounted for. There is 

however no question of cleaning in the scope of this study.  

Empty distances 

All the distances a specific vehicle has to travel as a direct result of the transport under investigation is 

accounted for by this parameter. This thus includes ‘pre-positioning-distance’ and ‘after-transport-

returns’. For air transport, the use of ‘existing routes’ is assumed, resulting in no empty distances (IFEU 

2011).  

Table 20: empty distances per mode of transport 

Empty 
distance % 
per mode 

Air Air Rail Rail Road Road Road Water 

Cargo Dedicated 
cargo 

Passenger & 
cargo 

Average Volume Bulk average Parcel/volume container 

Common 
distribution 
type 

consolidated consolidated consolidated consolidated dedicated consolidated consolidated consolidated 

IFEU (2011) 0 0 50 20 60 20 10 85 

 

Routing decisions 

The influence of routing decisions is directly visible in the distances travelled and in the allocation of 

emissions. Also, allocating emissions from a round trip is a fairly challenging task as appeared in 
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Leenders (2012). In the shipment data, routing decisions are often not present. Therefor certain settings 

are used for routing decisions, and these are specified per situation.  

The distance of the empty vehicle will be a depending on the (accounted) distance the vehicle is 

travelling including the cargo. The accounted distance can be adjusted to the situation, i.e. the distance 

used for emission calculations is often an increase of the direct distance in the data, due to for example 

routing decisions and will be case dependent. Directions from a forwarding company indicate that the 

routing factor is around 20% (Kuehne + Nagel, 2012).  

The calculation approach is in more detail described in Appendix chapter B.II. The approaches are linear, 

fairly easy to understand and to adapt. The linear increase in fuel consumption with the increase of 

cargo weight is an accepted assumption in many calculation methods. Other influences as fluctuations in 

speed, driving behaviour and steepness of the landscape are neglected as there is insufficient data 

available.   

B.II. Emission calculation method 
The basic calculation method is activity based, so depending on distances travelled and other ‘activities’ 

performed.  

Emission calculations from road transport 

The fuel consumption per vehicle according to a certain load factor (FCLF) is calculated according to: 

 

     ∑[           (                        )     ]           

    

 

(7) 

 

      

 

                                                                                             

                                                                                                 

 

For road transportation, the high and low rates of fuel consumption are for full and empty cargo. For 

road transport there also is the opportunity to differ in the consumption per type of road travelling; 

highway, rural or urban. When the appropriate fuel consumption factor is calculated the emissions can 

be determined: 

                          [                              ]                               (8) 
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Emission calculation resulting from air transport 

As mentioned earlier, there are several sources that supply a database of input for emission calculations 

differentiated per mode and vehicle type. For air, direct emission rates are given expressed in tonne 

carbon dioxide. The rates are for a 100% and 75% or 75% and 50% load factor range that can be used for 

linear calculation of the emission factors to a certain load factor. This approaching method is used as the 

increase in fuel consumption with cargo utilization is not linear (CRSC (2009)). 

                               (                )                       

 
(9) 

      

    (              )                                                              

    (              )                                                              

 

 

Example of emission factors for air shipments with a load factor of 80%: 

                                  

                                  

B.III. The Haversine formula for distances 
In many distance calculation methods, the Haversine formula is used that calculates the ‘great circle 

distance’ or horizontal distance between two coordinates. The following equation is used that is based 

on geo-coordinates.  

             √    (
    

 
)                          (

    

 
) 

 

(10) 

       

                                                                    

                                                                                     

                                                                                           

 

The great circle distance can be used in calculating air and road distances. For road movements, the 

great circle distance is then multiplied with a factor (1,3) to compensate for the routing influences of the 

infrastructures network.  
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B.IV. Difference in data and reality 

 

Figure 37: difference data and reality 

 

C. Extensive results case study Mexico 
In this chapter the case study findings of Mexico are broadly discussed. 

 

Figure 38: flow of goods in Mexico, import, export and internal 
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Figure 39: scatterplot weights Mexican movements. SKU-numbers are displayed on the horizontal-axis  

 

Table 21: results change in cut-off value parcel distribution non-export Mexico 

Situation package % change of total emissions  

Cut-off value of 20 kg, separately considered using factor of 200 gCO2/tkm  0 

Non-separately consideration, including in the other calculations +3.5% 

Excluding entirely from footprint -2.2% 

Increase of cut off value to 50 kg and separately considered using factor of 
200 gCO2/tkm 

+4.6% 

  

C.I. Solution for changes in load factor after first stop 
From the data every stop per route is known. So even though the vehicle is dedicated, the load factor is 

decreasing during the route due to the decreasing cargo weight. This effect is displayed in Figure 40. 

Because the data has to be aggregated per vehicle, only the position of the first stop and the final stop 

can be used due to software restrictions. In short, the average load factor between the first stop and the 

last, for the distance after the first stop. Until the first stop the load factor is calculated in the regular 

procedure.  
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Figure 40: decreasing load factor by stops 

 

In order to keep accounting for the decreasing load factor in the fuel consumption the following 

approach is used: 

       
(                )

 
 

(11) 

       

                                         

 

 

 

The average fuel consumption is thus calculated and used for the distance after the first stop. The total 

emissions are formulated as follows: 

          [                                         ]          (12) 
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C.II. Tables of parameter settings case study Mexico 
Emission parameters MX non-export setting 

Highway 85% 

Rural 10% 

Urban 5% 

kg CO2/litre diesel 2,615 

empty return  50% 

increased fuel consumption against EU 0% 

increased factor due to tour trip 1,00    

increased fuel due to Temperature control 0% 

cut off package weight kg for dedicated trip                                  
20,00    

express emission factor gCO2/tkm                               
200,00    

 

Emission parameters MX export setting 

Extra distance Air for hubs 1,2 

extra stops air hubs 1,2 

pickup  km 50 

% dist empty due pick up 0,5 

Aircraft no. 42=mix 42 

Aircraft weight Utilization 0,5 

kgCO2/litre fuel 2,615 

 

Emission parameters DE LTL  setting 

Load factor fuel consumption 0,3 

Load factor chargeable utilization 0,3 

chargeable weight factor  1 

Fuel consumption adjustment 1 

Distance increase for routing 1 

Empty distances of total 0,2 

percentage highway of empty distance 0,85 

Vehicle type Trailer < 40 tonne 

 

Emission parameters DE Parcel setting 

Load factor chargeable utilization 0,3 

chargeable weight factor  1 

Fuel consumption adjustment 1 

Distance increase for routing 1,2 

distance pick-up & delivery km 50 

Empty distances of total 0,2 

percentage highway of empty distance 0,85 

Main leg Vehicle type Trailer (< 40 
tonne)  

Pick-up & Delivery vehicle type Light (<7 tonne)  

LF fuel consumption pick up 0,3 

Min distance km when in same postal area 25 

Increase emissions by temperature control 1,2 

% of pick up distance allocated 1 
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D. Remaining case studies 
In this Appendix chapter, the remaining case studies are discussed. The secondary distribution of 

Germany, United States, China, Brazil, Japan and primary European export are considered. The following 

emission parameters are used if appropriate, unless explicitly stated otherwise.  

Table 22: assumed parameter setting remaining case studies 

Parameter Air Rail Road Ocean 

Empty distance 0 0 20% 0 

Extra distance due to routing 0 0 20% 0 

Temperature control +20% +20% +20% +20% 

Load factor based on weight 50% n/a 30% n/a 

Standard emission factor gCO2/tkm n/a 20 n/a 13 

Pick-up leg (not incl. delivery)  50 km 50 km 50 km 50 km 

 

D.I. Case study Germany 
1. Determination of scope 

The secondary distribution in Germany can be described as a typical combination between LTL and 

parcel transport. Using two warehouses, customers in the whole country are supplied using trucks. The 

distinction in the warehouses is made by the temperature control of the products. The warehouse with 

cooling is however only responsible for a 0.79% of the total weights and both are in the region of 

Cologne. The replenishment of the warehouses is not taken into account as this is done in another 

chapter.  

 

2. Clarification of distribution networks 

There are two different distribution networks. For the shipments below 120 kg or 35 packages parcel 

shipment is used, this is about 98% of the total amount of shipments. This parcel transport requires a 

round trip pick up (or in occasions direct), a main leg with consolidated freight, and a round trip delivery. 

For the larger shipments, an LTL distribution (Less than Truck Load) is used. It is unclear which shipments 

Figure 41: example flow of goods in 
Germany 
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have a round trip and which a direct pick-up or delivery, so direct is assumed with regarding of extra 

distance due to routing. Both distribution types make use of hubs to consolidate freight to optimize 

cargo.   

3. Determination of parameters 

A. Vehicle characteristics  

The warehouses deliver either temperature controlled or uncontrolled shipments which is taken into 

account per individual movement. Next, the parcel transport uses different vehicles. For the pick-up and 

delivery, a light truck is used as indicated by a local expert. For the main leg a trailer truck with 22 

tonnes capacity is assigned, just as for the LTL transport. For all vehicles a 30% load factor is assumed 

according to IFEU (2011) for volume goods, as there is no data that proves otherwise. For the fuel 

consumption rates this is similar and NTM consumption rates are used.  

  Pick up & delivery Main leg 

  Type Capacity Load 

factor 

Temperature 

control 

Type Capacity Load 

factor 

Temperature 

control 

LTL  N/A     Average 22t 30% variable 

Parcel Light 
truck 

5t 30%  variable Trailer 22t  60%  variable 

Figure 42: overview parameters Germany 

B. Distance travelled 

For both distribution types, the distance increase due to routing and hub use is set at +20%. Empty 

distances are set at 20% of the accounted distance.  

A part of the accounted distance of the parcel transportation is a distance for the sum of the pick-up and 

delivery leg which is set constant and to 50 km driven on rural road type with a light truck (capacity 5 

tonne). For the large shipments it is assumed that there are no specific pick-up and delivery legs that 

increase the rural road use.  

To investigate the influence of the different road types for the main leg, there are two calculation 

approaches used. One is using the NTM/CRSC road type ratio for highway, rural and urban (85:10:5). The 

other assumes a fixed distance for rural road and the rest of the distance is highway. The latter seems 

more obvious due to the high road density in West-Europe. So the main leg for both LTL and parcel 

distribution is starting and ending with 25 km of rural road, the remaining is highway. It is assumed that 

the shipments are not delivered in urban areas as the main customers are wholesalers who have their 

logistic operations not in the city centres.  
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The accounted distance for the cargo is calculated as follows: 

                                                                  (13) 

       

                                                                 

                                                                                     

                                                                                         

 

 

Allocation principle 

Due to the consolidated freight that is moved to and from hubs, an average load factor results in a 

straightforward allocation of emissions. Under the assumption that the other freight has similar volume 

(m3) to weight (kg) ratios, the amount of emissions allocated to the company’s shipments are based on 

the weight divided by the used cargo capacity.  

Because of round trips in the sub legs (pick-up and delivery), fair allocation of emissions is a difficult task 

as mentioned in chapter 3. The challenge is to identify the part of the emissions that are the result of 

the pick-up of the company’s goods. These are expected to be lower than the direct distance between 

the hub and the company as the vehicle has multiple stops before and after the location of the 

company.  However, as no information is known the emissions from the direct distance of 25 km for pick 

up and 25 for delivery are allocated to the company.  

 Results case study Germany D.I.i.

Notice should be given to the distance calculation method that is done using the longitude and latitude 

degrees and the Haversine formula as is explained in the Appendix. When shipments occur in the same 

geocode area, the origin and destination have the same coordinates. A fixed travelled distance of 25 

kilometre is then assumed.   

The results show that the parcel distribution is more polluting than the LTL shipments per 

tonne*kilometre and per tonne freight. This is a straightforward conclusion as smaller and less efficient 

vehicles are used in the parcel distribution. The pick up and delivery legs (together 50km) are on average 

responsible for 20% of the emissions resulting from this distribution part. As indicated earlier, the 

approach for calculating emissions from pick-up and delivery result in figures that are expected to be on 

the high end due to allocation.  

Table 23: results case study Germany 

Secondary 
distribution 

Weight t adjusted 
distance km 

tonne * 
accounted 
km 

Number of 
shipments 

allocated 
tonne 
CO2 

gCO2/tkm tonne CO2 
/ tonne 
freight 

Total Parcel 4.267 158.432.236 1.708.690 393.580 237 138,52 0,055 

Total LTL 3.794 2.699.459 1.136.772 8.408 140 122,88 0,037 

Total/average 8.060 161.131.695 2.845.462 401.988 376 132,27 0,047 
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Sensitivity analysis 

The influence of certain parameters is analysed while using a ceteris paribus setting. If the other cargo in 

the LTL truck would have an other volume (m3) to weight (kg) ratio than the company’s products; the 

allocation can change as the load factor for chargeable cargo changes. Assuming similar changes in load 

factors for fuel consumption rates, the influence of the increased load factor for chargeable cargo is 

displayed in Figure 43.  An increase of the load factor to 0,4 will lead to total emission reduction of 

about 24%, whereas a reduction to 0,2 results in a 23% increase.  

 

Figure 43: influence load factor, Germany LTL 

The influence of increasing the accounted distance due to routing is linear: increasing the distance factor 

from 1.2 to 1.4, leads to an increase in emission of about 20% for LTL distribution, and about 15% for 

parcel distribution as the latter is displayed in Figure 44. An explanation for the decreasing emission 

factors gCO2/tkm for parcel distribution in the graph could be that the increase in tonne*km is 

outweighing the increase in emissions from longer distances. This could be due to the fact that the share 

of most fuel efficient vehicles is increased. A 50% increase does not change the total of 50 km pick-up 

and delivery distance.   

When allocating emissions in the sub-leg, the challenge is to find out for what part of the distance the 

company is responsible for. In parcel distribution, the influence of the 50 km rural road type of the sub-

leg is minor when compared to total emissions from parcel distribution. This is analysed using either 

using a fixed total accounted distance, where the main leg adapts to changes in the sub leg, or a fixed 

main leg distance leading to the total accounted distance adapting to the change in sub leg. Both 

scenarios are displayed in Table 24. If in the first scenario, the sub-distance is reduced to zero or 

increased to a 100 km, the total emissions from parcel distribution are decreased or increased with 8% 

respectively. This is due to the fact that a more fuel efficient truck is used for the decreased distance, 

and a more inefficient truck for the increased distance as the total accounted distance remains equal.  

In the second scenario the total accounted distance is varies, the influence of the change in sub-distance 

is shown in Figure 45. As in this scenario the total accounted distance doesn’t remain equal, the 
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influence of increasing or decreasing the accounted pick-up and delivery distance is non-linear in terms 

of the total emissions but remains low.  

 

Table 24: scenarios for influence sub-leg 

Scenario Sub leg Main leg Influence 

1: fixed total Variable change Dependent change Linear 

2: dependent total Variable change Fixed  Non-linear 

 

A decrease of the load factor of the pick-up and delivery (which could be plausible as these are round 

trips) from 30% to 20% leads to an increase of 9% in emissions from parcel distribution.  

  

Figure 44: influence accounted distance, DE Parcel Figure 45: influence sub-distance, DE Parcel 

 

 

 Conclusion case study Germany D.I.ii.

According to the used models, the average tonne carbon dioxide per tonne cargo is about 0,047. This 

will be a fairly ‘green’ result as we will see in the benchmark later in this thesis. In the sensitivity analysis 

with a ceteris paribus environment, it is shown that reasonable differences in the parameter setting will 

not result in more than a 20% change of emissions. One of the most important finding indicates that the 

allocation of emissions from roundtrips during pick-ups and deliveries, only have a minor influence on 

the total amount of emissions. A 50% change in sub leg distance will lead to less than 5% change of total 

emissions in both investigated scenarios. This conclusion can be drawn as changes in distances of a 

certain leg, have a comparable influence on emissions from this particular leg. Furthermore, increasing 

the assumed cargo load factor from 30 % to 40% already shows a reasonable emission reduction of 

about 20%.  

The differences in road type are not expressed in a highway, rural and urban ratio setting as in the 

Mexico case study but a fix rural factor is used without accounting for urban road. A comparison 

between the two settings for road type learns that there is only a 1% increase in total emissions when 
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the NTM/CRSC settings with fixed ratios are used. In other words, which road type setting is used 

doesn’t really matter. 

D.II. Case study Europe 
This chapter concerns emissions resulting from distribution under the responsibility of supply centres in 

Europe. This includes mainly primary distribution to local countries and some secondary distribution in 

the case of direct deliveries to large customers. First the scope is determined, where after the 

distribution networks are clarified. Then the parameters are determined and the results are discussed.  

1. Determination of scope 

From all plants and supply centres in Europe, goods are either directly shipped to local countries using 

‘direct distribution’ OR transported to the hubs in Germany for internal consolidation, and then shipped 

to local countries in Europe or global. In this scope, the following movements are accounted for:  

 Shipments from the supply centre to local countries or customers 

 Shipments from the supply centre to the German hubs 

 Shipments from the German hubs to local countries or customers  

The last two types of movements are displayed in Figure 46. 

 

Figure 46: European movements 

 

2. Clarification of distribution networks 

It is known that the goods are mainly transported using dedicated trucks inside Europe. For European 

export mostly ocean or air transport is used. After internal consolidation, then the cargo is either 

transported to a port in the case of European-export, or directly to a destination in Europe. In some rare 

cases, cargo is transported over the road to Northern Africa or Middle-East destinations. The pick-up for 

transport to the hub or from the hub can be done in round trips or direct trips, both in company 

dedicated vehicles. For very small shipment parcel delivery is regularly used.  
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If the export is considered, external consolidation in container ships or planes is self-evident. A 

distinction is made in emissions resulting from road, air or ocean transportation, independent if these 

modes are used for sub- or main leg transport. This distinction is facilitated by the data quality and 

structure.  

3. Determination of parameters 

In the determination of parameters, a distinction is made between the modes of transport used as 

mentioned in the previous section. First the parameters for road transport will be discussed, followed by 

air and ocean.  

Determination of road transport parameters 

For road transport either ‘normal’ transport is used or parcel deliveries. As the latter is only a very small 

amount of the total volumes, emissions are calculated using a fixed gCO2 per tonne*kilometre emission 

factor and no further parameters are discussed.   

A. Vehicle characteristics 

According to the data many types of vehicles are used in the road distribution. Based on this data and a 

distribution specialist, it is per shipment indicated if a large, medium or small truck is used. These vehicle 

types also determine the fuel consumption rates and capacity restrictions per shipment. The dedicated 

character results in load factors that only depend on the gross weight of the company’s cargo and 

capacity of the vehicle. Temperature control is often used and recorded per shipment.  

B. Distance travelled 

The accounted distance travelled is taken directly from route information that was available from the 

Terra tool. A 20% empty distance rate is accounted for as it is expected that the high density of the 

European transport market makes it easier for forwarders to minimize the empty kilometres driven. It is 

furthermore assumed that 85% of the distance is travelled on highway, 10% on rural and only 5% on 

urban roads. 

C. Allocation principle 

Due to the dedicated character of the shipments; all the resulting emissions are allocated to the 

company.  

Determination of air transport parameters 

The setting of the parameters for air shipments is equal to the ones in the previous case studies. 

Exceptions are made for the amount of stops of the airplane and the distance increase due to the stops 

and routing. The influence of the increase of stops (1 or 2) and distance (7,5% and 15%) is displayed in 

Figure 47. A B747 plane with 75% load factor is used in the calculations. For long distance flights, the 

distance increase that could result because of a stop has more influence than the stop itself in terms of 

emissions.  The shipment data includes information about forwarders and flight-numbers for parts of 

the leg, so these two parameters can be estimated. The result of this analysis is displayed in Table 25 

which is the outcome of a manual check of about 100 global flights that were often recorded in the 

shipment data for the amount and location of extra stops between origin and destination of the cargo.  
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Figure 47: influence number of stops and extra distance 

 

Table 25: result case study air emission parameters 

Region of destination distance increase % extra stop ≥1 

South America 25% 50% 

Central America 5% 70% 

South-East Asia 5% 60% 

East Asia 10% 60% 

North America 2% 50% 

Australia & New Zealand 5% 100% 

Middle-East 10% 60% 

Africa 10% 50% 

 

Determination of ocean transport parameters 

The application of various methods (NTM, IFEU, CEFIC etc.) can result in certain emission factors of up to 

15 gram CO2 per tonne*kilometre for ocean container freight. The use of large containerships in long 

distances even can result in factors between 5 and 10. Considering these ‘light’ emissions factors, the 

impact of ocean freight emissions on the total footprint seems to be very small. Especially compared to 

air freight where factors can run up to 800. So in the construction of the ocean transport footprint two 

parameters are important. The total amounts of tonne*kilometres and the vehicles used. The first 

significant parameter is calculated using actual distances from ocean routing software and the gross 

weights of the cargo. Furthermore, the round trip pick-up of containers in Europe can lead to an 

increase in the distance travelled up to several hundred kilometres. Typical routes would cross from 

Belgium to The Netherlands, Germany and The United Kingdom as is displayed in Table 26. These figures 
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are calculated using vessel routes that can be tracked via vessel names which are listed in the shipment 

data. However, as the average is only a small fraction (<4,4%) of the whole distance in case of long 

distance shipping (typically >10,000 km) and there are many different routes present,  the influence of 

the pick-up routing is neglected.  

Table 26: extra distance ocean movements due to routing 

pick up location Antwerp Bremen Bremerhaven Hamburg Rotterdam average 

average extra distance 1100 200 200 100 600 440 

 

The vehicle type parameter for ocean freight is often depending on the distance and demand in the 

market for container shipments to this specific destination. According to the data and deliberation with 

forwarding companies, long distance destinations are often supplied using medium to large size 

container ships up to about 5000 TEU (5000 twenty-feet equivalent unit or containers).  

 Results case study Europe D.II.i.

The results over the year 2011 are displayed in Figure 48. Here it is found that air freight has the largest 

contribution (85%) to the footprint which is summed about 89,000 tonne carbon dioxide. The emission 

contribution of road and ocean is 12% and 3% respectively. In contrast, the contribution of air freight to 

the total tonne*kilometre is only about 23%. During the year 2011 the amount of tonne emissions 

resulting from air freight can vary up to 40% which is a result of fluctuations in the amount of freight 

moved via air per month. 

  

Figure 48: result case study Europe tonne emissions over 2011 Figure 49: result case study Europe 
tonne*km 

 Conclusions European case study D.II.ii.

The footprint of distribution under the responsibility of supply centres in Europe is largely depending on 

the use of air freight. In spite of only being responsible for 23% of the total tonne*kilometres, air freight 

is responsible for about 85% of the European primary footprint in 2011. Reducing the footprint by 

shifting all freight from air mode to ocean would only double the amount of emissions resulting from 
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ocean transport, according to a similar calculation as in the Mexican case study. The footprint under 

consideration would then be decreased with 80% from 89,000 tonne to 16,000 tonne carbon dioxide.  

 

D.III. Case study United States 
In the following chapters, the United States case study is explained. 

1. Determination of scope 

The scope of the US (United States) is characterized by primary and secondary distribution. Various 

plants (supply centres), and warehouses exist in the country providing products from every business unit 

of the company healthcare group. Sales quantities (over 300 million) indicate the large size of the 

market, in quantities about equal to China, in sales value by far the largest. Despite the size of the local 

organization the shipment data is centrally available. It includes all transport that is paid by the country’s 

legal country, and consists of over 2 million records. In the data, information about the origin and 

destination, transport mode is present, and the type of distribution network (LTL, parcel etcetera) is 

available. The phase of distribution (primary or secondary) is however difficult to distinguish. Therefore 

the following assumptions are made: 

 Only the shipments with a gross weight value of larger than zero are included.  

 The primary distribution phase consists of the distribution types ‘full truck load’, ocean and air 

movements. These are recorded with ‘FTL’, ‘Air’ and ‘Ocean’ respectively.  

 The secondary distribution phase consists of the types ‘less than truck load’, express- and parcel 

deliveries, these are categorized with ‘LTL’, ‘Express’ and ‘Parcel’ respectively.  

For both distribution phases, a limited number of forwarders are used to handle most of the freight. For 

example, two large parcel companies provide more than 95% of the amount of deliveries. It is hard to 

see why various goods are assigned to a distribution type.  According to a company’s local distribution 

specialist, everything below 75kg is shipped using parcel or express distribution, above 6500 kg or 21 

pallets is considered full truck loads, and everything else is distributed using LTL shipment. Within 

distribution types, several modes of transport can exist. A large forwarder for example indicates that for 

long haul distances in LTL distribution, 5% of the shipments is transported via Rail in the main leg. The 

influence on the total footprint is estimated minor (<5% because rail is about 4 times less polluting), so 

in the footprint calculation this is neglected. For longer distance in express shipments, often air mode is 

used instead of road.  As the polluting influence of air transport is the largest, these movements are 

examined carefully. 

Because of the large number of parcel and express deliveries (>1,8 million) that are made by in 

particular two companies, they are considered separately in this analysis.  

2. Clarification of distribution networks 

In Table 27, the types of distribution networks are clarified and characterized.  
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Table 27: clarification distribution networks U.S. 

type of 
Distribution  

network  

Amount of 
records 

Average 
distance 
(km) 

Average 
shipment 
weight (kg) 

Distribution 
phase 

Pick-up Main leg Delivery 

Full Truck Load 
(FTL) 

2.362 1043 6484 Primary Direct 
route 

Internal 
consolidation 

Direct route 

Air 1.800 9662 1620 Primary Direct 
route 

External 
consolidation 

Not included 

Ocean 1155 N/A 2508 Primary Direct 
route 

External 
consolidation 

Not included 

LTL 11.237 1223 3568 Secondary Round trip External 
consolidation 

Round trip 

Parcel & 
Express 

>1.800.000 913 6 Secondary Round trip  External 
consolidation 

Round trip 

  

For full truck load it is assumed that the goods are not externally consolidated or transferred to other 

vehicles but are directly transported towards the destination. This is in contrast to LTL and parcel 

shipments that are assumed to use at least two intermediate hubs to start and finish the main leg. 

Ocean freight will not be calculated in detail as the influence is only minor (about 3000 tonne cargo). An 

emission ratio is used which is the result of the European case study as similar circumstances are 

expected because almost all the freight is either coming from another continent (like Europe) or has a 

destination to another continent (like South-America or Asia).  

3. Determination of parameters 

A. Vehicle characteristics 

In Table 28: vehicle characteristics FTL, Air and LTL distribution U.S., per distribution network the vehicle 

type, the cargo capacity, the load factor and the presence of temperature control is displayed. It is 

assumed that for the LTL deliveries, similar vehicle characteristics exist for pick-up and for delivery. The 

emissions resulting from the pick-up for air transport are accounted for as 1% of the main leg, as the 

Mexican case study showed. It is assumed that the circumstances are similar as in the Mexico case study 

and deviations can have large effect on this percentage (such as doubling), but only a minor effect on 

the footprint of air freight.   

Table 28: vehicle characteristics FTL, Air and LTL distribution U.S. 

  Pick up & delivery Main leg 

  Type Capacity Load 

factor 

Temperature 

control 

Type Capacity Load 

factor 

Temperature 

control 

FTL N/A    Trailer 26t  variable  variable 

Air N/A     Average 52t 50% none 

LTL Trailer 26t  60%  variable Trailer 26t  60%  variable 
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No specific data is available about emission factors for North American trucks. It is expected that the 

trucks have on average higher fuel consumption rates; however the allowed cargo capacity and load 

factors are often also higher. An analysis of this situation can be found in a table in Appendix chapter 

D.III.iii. Here, the average cargo weight for large truck is about 15 tonne for trucks with a cargo capacity 

from 16 tonnes. If one would assume an average of 20 tonne, the resulting load factor would be about 

72% for non-bulk goods. For pharmaceutical products the load factor is then estimated to be 32%. The 

definition of pharmaceuticals is however unknown but is expected not to cover the majority of the 

company’s products. Therefor the choice is made to use the parameters as is done in other case studies. 

A different load factor per leg of distribution is used because it is expected that the main leg road 

transport also uses ‘freight trains’ and consolidation with mixed product types exits. The sensitivity of 

this assumption will be discussed.  

Ground parcel and express parcel deliveries are separately discussed because of their large stake in total 

transport. A distinction is made in ‘ground parcel’ and ‘parcel express’ because these are terms used by 

the forwarder to indicate the level of service. The first term is for shipments with only ground transport, 

which are not urgent. The latter offers faster delivery and higher service. Faster delivery is done by using 

a lot of air mode; if the total distance between origin and destination is above 320 km, air mode is used 

80% of the time, and almost 100% when the distances is larger than 1600 km. The type of vehicle for 

pick-up and delivery is assumed to be similar and due to the small average shipment size (<6kg), a pick 

up van is assumed.   

 

Table 29: vehicle characteristics parcel and express distribution U.S. 

  Pick up & delivery Main leg road Main leg Air if distance > 320 km 

 Type Capacity Load 
factor 

Type Capacity Load 
factor 

Type Capacity Load 
factor 

Ground 
parcel 

Pickup Van 1,5t 30% Trailer 26t  60% N/A     

Express 
parcel 

Pickup Van 1,5t 30% Trailer 26t  60% variable 52t 50% 

 

B. Distance travelled 

For the LTL and TL distributions, the direct distance between origin and destinations are provided by the 

local organization, and proved sufficient accurate after a manual check of 25 random cases with routing 

software (the maximum bias was 5% and is neglected). To account for routing and hub use, the direct 

distance is increased with 20% for LTL shipment and a 10% factor for empty kilometres is used according 

to Table 20. A large forwarder affirms this increase. For TL distribution the influence of routing is 

neglected but the amount of empty kilometres are expected to be higher than LTL due to the dedicated 

character. However, as no further information is available, the factor is set at a 20% increase similar to 

consolidated average freight. For all road distribution types, the standard road type ratio of is used.  
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For the distribution via air, the ‘standard’ settings from other case studies are used because only limited 

information is known about the forwarder and none about the actual carrier.  

In parcel distribution the total distance for the sub leg (pick-up and last mile ) is fixed at a maximum of 

100 km driven by pick up van, with 50% driven on rural and the rest on urban road. This is done because 

there are large amount of short distance deliveries (about 150.000) and a ratio of 85% for highway road 

doesn’t make sense when the average distance is only 100 km. The used sub leg is longer than the one 

used in for example the German case study as it is expected that the density of delivery addresses is less 

than in West-Europe. Furthermore, for the main leg the road type ratio of NTM is used.  

C. Allocated emissions 

The emissions resulting from the TL distribution are in full accounted to the company due to the 

dedicated characteristics. For LTL this is depending on the ratio of the company’s cargo to the utilized 

cargo capacity and differs per part of the leg as can be seen in Table 28. The allocation of air and ocean 

is similar as done in previous studies.  

 Results case study United States D.III.i.

The method of calculating emissions for each distribution type in this case study is similar as in previous 

ones. For example, the calculation method of German LTL distribution is used for American LTL and 

similar for FTL where the European dedicated road freight calculation method is used.  

For parcel delivery an important notice should be given: it appeared very problematic to calculate 

emissions per shipment due to the large amount of data (>1,8 million records). To solve this, the data is 

split in bins or ranges based on the direct distance as is seen in Table 30. Averages for distance and 

cargo weight are used that are the basis for emission calculations. In this approach it is assumed that 

weight and distance are independent and no correlation exists. In other words; for every shipment 

record with a certain weight, the chance a specific distance is present, is for every weight the same and 

vice versa.  

Table 30: bin setting parcel and express distribution U.S. 

range in km 0-320 320-800 800-1600 1600-3200 >3200 

range in miles 0-200 500 1000 2000 >2000 

% of the volume  

via air mode 

0 80% 80% 96% 96% 

 

In Table 31, one can find the results of this case study. Several things are striking. Firstly, the assumption 

that LTL is always second phase distribution doesn’t seem to hold. It is simply very unlikely that the 

amount of goods shipped in the secondary distribution is twice that of primary, even more because air 

and ocean freight are almost always export. Second, the emission factor gCO2/tkm of parcel express 

distribution is very high. This seems to be caused by inefficient use of vehicles on short distances, and 

large shares of air freight for moderate and long distances (above 320 km or 200 miles). The used range 

by the forwarder of moderate distances was 200-1000 miles, which is rather large.  
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Table 31: emission results case study U.S. 

Table for in 
REPORT 

Sum of 
Weight t 

adjusted 
distance km 

tonne * 
accounted km 

Number of 
shipments 

allocated 
tonne CO2 

 
gCO2/tkm 

tonne 
CO2 / 
tonne 
freight 

Total TL 15.308 2.461.330 16.159.928 2.361 1.999 124 0,13 

Total Air 1.344 17.675.585 11.026.260 1.829 10.448 948 7,77 

Total Ocean 2.897 N/A N/A 1.155 435 N/A 0,15 

Total Primary 
distribution 

19.549 N/A N/A 5.345 7.657 N/A 0,39 

Total LTL 40.093 13.748.732 46.437.405 11.237 2.447 53 0,06 

Total parcel 
ground 

746 323.800.372 1.225.013 208.221 134 110 0,18 

Total parcel 
express 

4.411 3.048.469.016 7.126.672 1.704.774 5.117 718 1,16 

Total secondary 
distribution 

45.250 3.386.018.120 54.789.091 1.924.232 7.699 N/A 0,17 

Summed total  64.799 N/A N/A 1.929.577 20.356 N/A 0,31 

 

For some distribution types, the data includes records with a shipment weight but with no distance 

present (about 52.000 records) so average emission factors of tonne CO2 per tonne cargo are used 

instead. The effect of this missing mileage is only minor as can be seen in Table 32. 

Table 32: solution for missing data U.S. 

Data with missing 
mileage 

amount of 
records 

weight in tonne Emission factor 
tCO2/t_freight 

emissions 

FTL 155 273 0,13 36 

LTL 509 2.505 0,06 153 

parcel ground 51.338 311 0,18 56 

Total  52.002 3.089 N/A 245 

 

Sensitivity analysis 

In previous case studies, the sensitivity of several parameters and results are discussed and analysed. A 

lot of them are also used in this study, so only distinct parameters are considered here. One of them is 

the load factor for LTL freight. If the assumed 60% load factor is changed by 30%, the LTL footprint rises 

with about 40% and the gCO2/tkm with about 50%. Furthermore, influences of sub-leg (pick-up and 

delivery) parameters for LTL and parcel shipments are very minor which is explained by the fact that 

they account for only 10% of the average distance between origin and destination. Routing allocation 

issues in the sub-leg like discussed in the Germany case study, have no great impact here either. The low 

air emission factors of 472 g CO2/tkm will increase with about 20% if smaller planes would be selected 

when more information would be available instead of the standard average.   

 Conclusion U.S. case study D.III.ii.



  

86 
  

Results from the case study clearly tell that the footprint is driven by the large amount of air freight that 

causes over 90% of the calculated emissions. This however, under several influential assumptions like 

the types of planes used. Other striking results are the comparison between emission factors in 

gCO2/tkm for Full Truck Load distribution, Less Than Truckload shipment and parcel delivery. The data 

indicates that apparently a certain load factor is realized that makes shipments via FTL emit more 

emissions than via parcel. The reason for the relatively low LTL emission factor of 53 gCO2/tkm can be 

the relatively good load factor of 60%. Bad quality of data is expected to be accountable for only 1% of 

the emissions. 

Finally, the primary distribution results in high emission ratios of 0.39 tonne emissions per tonne cargo, 

and the secondary about 0.17 tonne emissions per tonne cargo. What is further more remarkable is that 

the total primary distributes about 20,000 tonne and secondary 45,000 tonne. This difference could be 

the result of movements of imported goods that are paid by the sending organization. A more obvious 

reason would be that the primary and secondary split is not correct; a considerable part of the LTL 

movements would then be considered primary distribution.  

 Analysis U.S. fuel consumption rates  D.III.iii.

In the following table an example is given in fuel consumption rates is performed which is discussed in 

the previous case study.  Findings from several sources are combined that indicate that the expected 

fuel consumption per kilometre is on average higher than the NTM highway rate. A load factor had to be 

applied that is not used in practice.   

Table 33: analysis fuel consumption and load factor rates US 

Analysis fuel consumption and load factor 
for American 53 feet truck 

Specifications Volvo 
(Volvo, 2012) 

average  
(BTS, 2012) 

NTM 
highway 

ΔNTM-
Volvo 

ΔNTM-
OPS 

year of publication 2007 2008 2008 
  

cargo capacity in tonne 20 >16 22 
  

assumed average load factor (OPS, 2009) 72% 72% 72% 
  

truck average miles/gallon 6,3 5,9 
   

truck average litres diesel/km 0,3734 0,3987 0,3226 +16% +24% 

Sub table; average load factors in US  

Truck capacity in lbs. 45.000  

Truck capacity in kg 20.000 

average payload in kg for capacity >16 t 
(OPS, 2009) 14.710 

average load factor        72%    

average pharmaceutical pay load in kg  
(OPS, 2009) 6.580 

average load factor pharmaceuticals in US  32% 

 

D.IV. Case study China 
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For the case study of China, only movements of business units C and P are compared and are briefly 

discussed next. The large surface of China results in a distribution network that is using air, rail and road 

mode. The company has several distribution centres and plants located in three large cities of Beijing, 

Shanghai and Guangzhou. In this case study only the movements of the secondary distribution are 

considered based on movement data. Distances are estimated using the Haversine approach as 

explained in the Germany case study.  

The goods of the first business units are distributed using external consolidated road networks. Typical 

parameters like a 30% load factor, 20% empty distances and 20% extra routing distances are applied as 

is discussed in other case studies. It is confirmed by local logistic experts that the main truck type used 

has a cargo capacity of 22 tonne.  

For the other business unit there is only internal consolidation for road leading to an average load factor 

of on average 1 tonne, or 20% based on a truck of 5 tonne capacity. Road parameters are set for empty 

kilometres (50%) and extra distances due to routing (20%), which combined with the truck type leads to 

very high emission factors.  For the other mode use, fixed emission factors are used. For air, the average 

of 822 gCO2/tkm is applied which is an average of other case studies. For rail, an 18 gCO2/tkm is used as 

according to IFEU. For rail and air mode the emissions resulting from the sub leg movements (30 km for 

pick up and 30 km for delivery) are added to the data. This results in a higher emission factor for rail 

than the 18 gCO2/tkm that is used for the main leg.  

Table 34: results China secondary distribution 

 count total kg 
shipped 

total accounted 
distance km 

total tkm tonne 
emissions 

gCO2/tkm Emission/mass 

road 3,602 5,036,027 2,491,382 2,386,867 717 300 0.14 

air incl 
sub leg 

1,898 591,723 2,439,871 952,936 778 816 1.31 

rail incl 
sub leg 

5,571 4,041,456 6,237,041 4,811,617 271 56 0.07 

sum 11,071 9,669,205 11,168,294 8,151,420 1.766 217 0.18 

 

Because of large limitations in data (due to Chinese settings) and manual data mining it is advisable to 

reconsider the data in the future. This results in a total average emission to mass ratio of 0.12. 

D.V. Case study Japan 
This case study briefly discusses the main findings of a case study for Japan. Only movements in business 

unit P are included. The company receives its imports mainly from Europe and china which is with air or 

ocean mode. Several plants are present and one distribution centre is used, all located Osaka. Main 

mode of transport is road, combined with internal consolidation. To reach the other side of the country 

air mode is sometimes used (<10% of total deliveries) and an average distance of 1000 km is used with 

60km pick-up and delivery leg. Furthermore, the airplane type is mostly used (>90%) is a B727 which is a 

short distance plane.  
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Table 35: results case study Japan 

Unit P count Total kg total tkm Total TE emission 
factors 

emission / 
mass 

primary road           1,658             4,057,063          432,565                                156                 361                0.04    

secondary 
road 

        13,438             4,687,500       2,261,667                             1,445                 639                0.31    

secondary air           1,084                292,680          292,680                                233                 797                0.80    

total 
secondary 

        14,522             4,980,180       2,554,347                             1,678                 657                0.34    

D.VI. Case study Brazil 
The country of Brazil has several plants and logistic operations take mainly place from the south around 

Sao Paolo. For the primary distribution, mostly air mode is used for continental and intercontinental 

shipments. Also some air mode is used for intercontinental movements, for example to Asia. Again, pre-

leg emissions are ignored, also for the ocean shipments.  

For ocean distributions a fixed emission factor of 13 gCO2/tkm was used. Furthermore, distances are 

generated using a sea-distance calculator. A similar calculator is used for air distance.  

Due to data limitations, emissions could only be calculated for 60% of the total weight of goods moved 

in the secondary distribution via road. Multiple business units and several different forwarders are 

considered. For road mode in general, these forwarders pick up the goods at the warehouse and 

externally consolidate it with other products in their own distribution centres. For air freight to serve the 

hinterland, the nearest airport is used. The movement data used is based on delivery data and the 

Haversine approach as explained in the Germany case study is used for distance calculations. A road 

load factor percentage of 30%, NTM road type settings, a distance increase for routing of 20% and an 

empty distance of 20% are used. For air, the pick-up distance is neglected.  

Table 36: Results case study Brazil 

Distribution 
type 

count total kg mass total km total tkm total 
t_emission 

weighted 
gCO2/tkm 

t_emissions/ 
t_mass 

primary air 642 1,019,933 2,673,138 4,304,013 2,654 617 2.60 

primary 
ocean main 

108 321,227 664,862 2,263,158 29 13 0.09 

total primary 
main leg 

750 1,341,160 3,338,000 6,567,171 2,703 412 2.02 

 

Forwarder D 14,716 1,952,846 12,224,497 3,744,654 357 95 0.18 

Forwarder I 9,603 499,959 3,383,036 383,311 57 150 0.11 

Forwarder L 12,819 935,849 10,913,934 1,076,645 134 124 0.14 

other  n/a 2,207,418 n/a n/a 357 
 

0.16 

total 
secondary 
road 

n/a 5,596,072 
  

905 111 0.16 
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total 
secondary air 

2,422 79,921 3,323,110 133,189 119 894 1.49 

total 
secondary 

n/z 5,675,992 n/a n/a 1,024 
 

0.18 

 

Findings suggest that export (primary phase) is considerably polluting with an average emission to mass 

ratio of about 2.02. The reason for the low gCO2/tkm emission factor of air export is that plane 

information was available that included some new planes. It is however not sure what type of plane is 

used after stops. The influence of air freight in the secondary distribution footprint is considered to be 

minor and only lifting the emission to mass ratio of secondary road with 12%. F 

D.VII. Summary case studies 
One remarkable result is that for every case study with the used approach, a different gCO2/tkm 

emission factors is the result. These factors are a good reflection of the ‘greeness’ of the transportation 

in the assumed approach. For all the case studies, the emission factors are summarized in the table 

below.  

Table 37: output emission factors gCO2/tkm case studies 

Distribution type Brazil China EU Germany Japan Mexico U.S. average 

Parcel- ground       139     134 136.5 

Express             718 718 

LTL 111 79   123 639   53 201 

Dedicated road (FTL)   357 133     400 124 254 

Air intercontinental 617 
 

878     817 948 815 

Air continental 
894 822     797     

838 

 

Ocean 13   13       11.5 12.5 
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E. Detailed construction of global footprint 
In this Appendix chapter more details about the construction of the global footprint are listed. Figure 50 

resembles an overview in where the approach in establishing a footprint is explained.  

 

 

Figure 50: overview construction footprint 

 

 Data-mining SKU-weights E.I.i.

If the advanced sales-database (now including SKU-weights) is monitored using scatterplots, there 

appears to be many extreme values for SKU-weight that have a large influence on the total volume in 

weights. An example can be found in the table below, where Japan has a very high ratio of 

weights:quantities and large total volume. Looking some levels deeper in the data, it appeared that 5 
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SKU’s with very large weights (>1000 times the average) are responsible for about 80% of the total 

volumes of the country. In the following tables, various characteristics of the  

Table 38: sku weights before correction 

country weight/quantities % sales data mapped with SKU-mass Total mass of sales in kg 

CN 0.050685 99.80% 16,111,170 

US 0.126826 92.34% 39,445,005 

DE 0.081038 78.65% 10,180,549 

BR 0.040907 99.71% 4,559,926 

MX 0.071342 99.78% 7,632,976 

JP 2.401054 79.77% 46,602,857 

global 0.11728 94.38% 116,386,568 

 

Table 39: mapped weight of sales over country and business unit 

country A C P D other B 

Japan 92% 0% 7% 0% 1% 0% 

United States 10% 76% 6% 6% 1% 1% 

PR of China 47% 12% 40% 1% 0% 0% 

Germany 5% 64% 22% 5% 2% 1% 

Mexico 20% 40% 39% 1% 0% 0% 

Brazil 29% 28% 39% 1% 2% 0% 

selection total 45% 36% 15% 3% 1% 0% 

 

In general, when comparing these individual extreme values with similar products using the SKU-name, 

it appears that several ‘classical comma-errors’ are present that can lead to a factor 1000 ‘heavier 

products’.  

In the scatterplot, the gross weight per sku is logarithmic projected on the y-axis, whereas the quantities 

sold of the SKU are logarithmic projected on the x-asis. Here we see there are several heavy weight 

products that have a high amount of quantity sold, and also for very light products with high amount of 

sales. An internal master data expert indicates that these extreme values cannot be reliable.  
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Figure 51: scatterplot sku weights and sales quantity before correction 

 

After a manual check, it seems that the ‘extreme data’ is randomly organized over the records and 

business units, with either a correct or incorrect, and an extreme high or extreme low value. This manual 

check is done considering some random cases in each business unit of a random country per continent. 

Another important fact is that the SKU weight data is multiplied by the quantities sold which are 

assumed to be 100% reliable because of double validation. This multiplication makes the effect of the 

extreme data points on aggregated level intensifying large. This is confirmed by a check where the sum 

of the sold SKU’s in weights with a certain weight range between 0.002-2 kg results in a total volume 

drop of about 55%. 

 

Based on the opinion of a master data expert of the company, the range of 0.002-2kg is considered a 

good option to generalise for the whole data. An argument is that >99% of the separate SKU’s should fall 

in the range of 0.002-2 kg per piece. The records with data points outside the range are filled with an 

average of those inside the range. These averages are on a ‘record-base’ constructed and are not 

weighted by the amount of quantities sold. In the case the average is below the minimum of 0,002 kg, 

the minimum of 0.002 is filled. Furthermore, a distinction is made between the various business units of 

the company to cope with different product characteristics across the units. The average weight for a 

product of unit C would be of a different value than that of unit P. As there is often some information 

displayed in the SKU name that is visible per record, this outweighs the range. For example, all products 

with KG in their name have a tendency to have correct high weights and are positioned above the 2kg 

level, as their unit of measurement is in kilograms. So the following steps are taken: 
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1. Only the data of the business units of interest are considered, these are: P, A, D, C, B and API. 

2. The value of the weights from SKU’s with “KG” in their name are considered correct. 

3. The value of weights from all other SKU’s that fall outside the range of 0,002-2kg are considered 

incorrect and replaced by the average weight of an SKU for the belonging business unit as can be 

found in table. 

4. All records with no value for weights, are filled with the average weight of an SKU for the 

belonging business unit as can be found in table. 

Table 40: average SKU weights 

business unit P) A D C B API 

average known sku weight per BU 0.0386 0.0387 0.0068 0.0265 0.0031 0.0001 

Average used value “ “ “ “ “ 0.002 

 

The effect of this correction is noted in the following table and figure:  

Table 41: effect of SKU-weight correction 

 Total % 

summed weight  before correction         454,125,178    100 

summed weight after correction1         203,839,793    -55 

# records 62,741  100 

# records with weights=0 before correction 3,645  6 

# records with weights=0 before correction 2,882  5 

overall quantities 9,586,940,348  100 

quantity with weight>0 before correction 4,029,757,133  42 

quantity with weight>0 after correction 9,529,890,479  99 
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Figure 52: scatterplot sku weights and sales quantity after correction 

 

E.II. Conclusion data-mining 
The consideration of the data is required as the errors in the SKU-weights records have an intensifying 

effect on the total volumes. In cooperation with a master data expert, a range is chosen that should 

include 99% of the data. Standard errors, like automatic generated weight records and classical ‘comma-

errors’, fall outside this range. It is assumed that all the outer range errors are randomly spread over 

SKU’s, business units, countries etc. They are replaced by an average value that is based on a sample of 

more than a 1000 records.  

This approach is considered a temporary aid what is necessary to get an indication of the global flows of 

goods in terms of weights. The company is recommended to improve the data in order to get more 

accurate results.  
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E.III. Graphical overview emission ratios per continent 
In the following figure, the emission ratios per continent are graphically displayed as explained in 

chapter 4.1. The further the location of the continent in the upper corner right, the more pollution is 

emitted per quantity and per mass of sales.  

 

Figure 53: average emission ratios per continent 

E.IV. Reproducibility of the secondary footprint  
The construction of the global secondary footprint has been established using combined data and an 

aggregated level of categorization in continents. Another option would be to segment in various 

countries for a more country specific view.  

The sustainability of this approach is an important issue for the company as operations and resulting 

data are always varying. Differences in sales, can have an effect in the volumes of the shipments and the 

resulting emissions. However, even with a constant amount of volume or sales the emissions can 

change. This is the case when for example total goods sold remains equal but there are smaller and less 

amount of shipments, or larger and a higher amount of shipments. In chapter E.IV.i, an analysis can be 

found that deals with these issues on an operational level of distribution. Here a distinction is made in 

the scope of view.   

For the movements with good data availability like many of the primary movements, reproducibility of 

the footprint can be done with the same emissions to mass ratios for each mode of transport, if the 

shipment conditions do not change. Figure 54 can be used to judge if changes are required.  

On a more detailed level reproducibility is based on several parameters. In short, if the company is 

changing its average shipments weight to its customers and remaining an equal amount of shipments, 

the influence on the emission cargo mass ratio is minor. However, if there are changes in the number of 

customers or average distance per customers, there are indications of an almost 1 to 1 direct linear 
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effect on these emissions to mass ratios. This makes sense as the distances the vehicles travel changes 

equally.  

Thus, the emissions ratios are especially sensitive to changes in the distances and the amount of vehicles 

used. As in this approach certain category leaders are used, the focus should be on the amount of its 

shipments and driven distance by considering location of warehouses and location of customers. If these 

change, the used ratios should be adjusted. A change in average shipment weight per customer barely 

has any effect on the ratios. For example, a change of 50% in average weight only leads to a change of 

3% in emission to mass ratio if similar amounts of shipments are used.  

The approach explained by Figure 54 could be followed to judge if changes in emission ratios are 

required.  

 

Figure 54: approach for reproducibility footprint 
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 Reproducibility in a small case study E.IV.i.

To be able to say anything about the relation between the summed weight of the total products sold 

and the amount of emissions, a small model is introduced. The aim is to find out what the influence is of 

changes in the company on the emissions caused by required transport operations. It is assumed that 

these changes can be captured with the following events: 

1. The average shipment size per customer changes 

2. The number of customers changes 

3. The average distances to the customers changes 

The influence of these three events is investigated in a ceteris paribus setting. For example; a change of 

the number of customers will result in more customers with similar distance to travel and similar 

average shipment weights.  

 Input model influence business activities E.IV.ii.
Cust.   distance cargo truck type capacity Highway 

empty  
Highway 
full  

consumption 
factor 

fuel use kg CO2 

A 100 0.1 light 5 0.122 0.137 0.12 12.23 0.63 

A 100 1 heavy 15.75 0.201 0.294 0.20 20.69 3.43 

B 500 0.1 light 5 0.122 0.137 0.12 61.15 3.198 

B 500 1 heavy 15.75 0.201 0.294 0.20 103.45 17.17 

C 1000 0.1 heavy 15.75 0.201 0.294 0.20 201.59 3.34 

C 1000 1 heavy 15.75 0.201 0.294 0.20 206.90 34.35 

 

A small consolidated distribution network is used in the analysis as discussed in previous chapter, with 

three different customers that are served with two different size trucks which are fitted to the shipment 

size that can vary between 0.1 or 1 tonne. It is furthermore assumed that the forwarder is able to keep 

similar load factor averages that are independent of the company’s shipment weight, number of 

customers and thus locations. For every event the emissions allocated to the company are calculated 

and divided by the total weight of the company’s cargo shipped.  

 change event -50% -25% 0% +25% +50% +75% +100% 

      

              
 

average single cargo per customers -1.3% -0.6% 0.0% 0.6% 1.3% 1.9% 2.6% 

number of customers -50% -25% 0% 25% 50% 75% 100% 

average distance per customer -50% -25% 0% 25% 50% 75% 100% 

The results indicate a fairly straightforward influence of business activities on emissions. If the company 

is changing its average shipment weight to its customers, the influence on the ‘emission cargo ratio’ is 

minor. However, if there are changes in the number of customers or average distance per customers, 

these influences indicate a 1 to 1 linear effect on the ‘emission cargo ratio’. Thus, the emission to mass 

ratio is especially sensitive to the average distance driven per customer and the amount of customers. 
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F. Global footprint overview 
In this chapter, an overview is given concerning the global footprint.  

 

Figure 55: global footprint per destination continent 

 

Figure 56: global mass per destination continent 

 

Figure 57: total transported mass divided over mode and destination continent 
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Figure 58: emission to mass ratios per destination continent 

 

In the following tables, the displayed results are displayed per mode and destination continent. If 

appropriate, several findings are listed as well.  

 

Table 42: overview per mode and per destination continent 

 South 
America 

Africa Asia Australia & 
New 
Zealand 

Central 
America 

European 
Union 

North 
America 

ocean 0% 0% 1% 0% 0% 0% 0% 

road 2% 2% 18% 0% 2% 8% 5% 

air 6% 2% 28% 4% 5% 5% 11% 

sum 9% 4% 47% 5% 6% 12% 17% 

 

Table 43: global footprint per destination continent 

footprint per 
destination continent 

Sum mass goods Sum t % SUM TE SUM TE % Emission to mass 
ratio 

continent tonne kg % tonne kg 
CO2 

% tonne CO2 / tonne 
freight 

Africa 6,265 2% 5,146 3% 0.82 

Asia 90,650 24% 64,513 44% 0.71 

Australia & New 
Zealand 

5,321 1% 7,353 5% 1.38 

Central America 18,263 5% 10,494 7% 0.57 

European Union 163,340 43% 17,847 12% 0.11 

North America 61,442 16% 25,658 17% 0.42 

South America 36,141 9% 16,222 11% 0.45 

global 381,422 100% 147,234 100% 0.39 

 

Table 44: global overview footprint Air 

 mass t sum emissions t sum weighted avg EF 

continent tonne t CO2 gCO2/tkm fuel 
South America 1,854 11,061 855 4,424,306 
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Africa 525 2,908 873 1,163,036 

Asia 6,095 42,718 879 17,087,184 

Australia & New Zealand 477 6,461 880 2,584,579 

Central America 1,079 6,835 864 2,733,909 

European Union 682 5,562 882 2,224,799 

North America 1,969 15,999 901 6,399,566 

global 12,681 91,543 876 36,617,378 

 

Table 45: global footprint overview Ocean 

Ocean Ocean mass t sum emissions t 
sum 

weighted 
avg EF 

tonne*kilometer average 
distance 

 continent tonne t CO2 gCO2/tkm t*km km 

SA South America 2,226 300 13 23,182,345 10,415 

Africa Africa 1,608 177 12 14,646,241 9,111 

Asia Asia 7,048 1,546 13 120,514,130 17,100 

Au&NZ Australia & New 
Zealand 

920 289 13 22,241,105 24,174 

CA Central America 1,420 182 13 14,198,698 9,996 

EU European Union 1,149 173 13 13,400,994 11,662 

NA North America 7,782 692 12 58,235,309 7,483 

total global 22,153 3,358 13 265,915,539 12,004 

 

Table 46: global footprint overview Road 

Road mass t sum emissions t sum Typical EF litres of fuel 

continent tonne t CO2 gCO2/tkm 2,615 kg CO2/l 

Africa 4,133 2,062 n/a 788,514 

Asia 77,508 20,249 n/a 7,743,271 

Australia & New Zealand 3,923 603 n/a 230,561 

Central America 15,764 3,478 n/a 1,329,906 

European Union 161,509 12,113 132 4,632,005 

North America 51,690 8,968 137 3,429,411 

South America 16,576 4,861 n/a 1,858,980 

global 331,104 52,333 134 20,012,648 
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G. Introduction to modal shift 
The following figures and tables contain information that endorses the choice for modal shifting.  

 

Figure 59: overview supply chain, primary distribution is denoted with a red arrow 

 

 

Figure 60: top destinations for European export in terms of emissions 

H. A more detailed view on the supply chain 
The following paragraphs discuss a more detailed view on the supply chain by first focussing on the 

complete supply chain where after the relation between secondary manufacturing, supply centre and 

local warehouse is discussed. The last chapter discusses current challenges in the supply chain.  



  

102 
  

H.I. Complete supply chain 
As mentioned in the introduction chapter of this thesis, there are five nodes in the complete supply 

chain: primary manufacturing, secondary manufacturing, warehouses or distribution centres, 

wholesalers, and retailers or hospitals. The company controls the first three nodes as displayed in 

Appendix Figure 59. Although outsourcing of production processes or warehousing is common, it is for 

now irrelevant. The supply centre is in the middle of these three nodes or so called ‘finished goods 

supply chain’, often near a secondary manufacturing plant. It ‘controls’ the supply chain in terms of 

planning and high level decision making. A sub group of the supply centre is operating the 

transportation planning. Each supply chain operates under the overall responsibility of the ‘Product 

Supply’ organization of the business unit.    

H.II. Relation secondary manufacturing, supply centre and local 

warehouse 
The supply centre is responsible for replenishing specific SKU’s to certain countries (described as a 

‘supply lane’) and plans the production and packaging in coordination with the manufacturing plant. 

Often the centres are located on the manufacturing site of these SKU’s. In Figure 17 an overview is given 

of the processes that follow after the goods are produced by the plant.  

The key drivers for production planning are manufacturing capacity in terms of lot-sizing, and forecasts 

of sales which are all managed in an extensive information system. The forecasts are delivered by 

experts of the country’s organization, with accuracy varying per country and per SKU. They are updated 

very frequently. The horizon of a forecast is typically from 3 up to 36 months in the future, where the 

most near periods are most accurately forecasted. Lot sizing is based on the capacity of the plant, the 

forecasts and inventories of all the SKU’s that are produced by that plant. This is a rather complicated 

process what could be simplified as a periodic review (R), re-order level (s) and order quantity (Q) 

system. This (R,s,Q) system is using the sales forecast and inventory level to determine when to produce 

the lot size (Q) which has a preferred setting but can vary to match the expected situation.  

After production, the batch is ‘delivered’ by the plant to the supply centre. Then, quality checks are 

performed and preparations are made for transport. The centre holds hardly any inventory and pushes 

every batch as soon as possible to the local warehouse. The task of the supply centre is to plan the 

manufacturing and replenishment in such a way that execution prevents stock-out situations in the local 

warehouse. In each warehouse, certain safety stock and maximum inventory levels are maintained 

which are set yearly in accordance with the local management. In general these levels are varying to 

sales forecasts and can differ per month. For every supply lane, the planning should account for a fixed 

transport mode that is assigned to each SKU.  

Several weeks before the goods are to be released by the responsible plant, the planning of the 

transport to the local warehouse is started. Fixed contracts with forwarders are routine and are often 

organized per supply centre if the central hubs are not used. The supply centre tries to consolidate all 

cargo for a certain destination and the cargo is sent to an intermediate hub or directly to the local 

warehouse. Typical transport consists of a pick-up, main leg and delivery leg as described in chapter 5. 

When the cargo reaches the port of destination several administrative procedures like custom clearance 
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prevent direct transport to the warehouse. After the arrival in the local warehouse of destination, 

quality checks are performed before goods are ready for inventory sales to the final customer which 

cause a waiting time.  

H.III. Challenges in the finished goods supply chain 
Various topics are considered challenges in the supply chain. Some examples are explained here. 

Problems in manufacturing for example can influence the release and transfer of products by the plant 

which follows up in replenishment problems towards the local warehouse. This often leads to expediting 

measures that reduce lead times such as using air transport instead of ocean. Varying per country and 

per SKU, issues with administration or quality checks increase waiting times.  

Capacity problems in the supply centre in terms of material and warehouse handling leads to stress in 

stage one operations. It is indicated by the supply centre that for air transport these challenges are more 

severe than for ocean.  

Transport temperature requirements that are a result of product characteristics compel the use of 

temperature monitoring and eventually expensive packaging material for air freight. This can increase 

the costs of sending a shipment via air with a factor ten. The use of temperature logging can result in 

disposal of products which don’t fit the requirements, different packaging material should prevent this 

from happening. Although these measures minimize the risk of goods disposal after air transport, it is 

assumed that temperature controlled ocean containers offer higher quality. Furthermore, the special 

packaging material for air is very scarce expensive and have to be returned empty.  

The batch sequencing requirement for selling products to the market is a harsh condition in the design 

of the supply chain. ‘Overtaking’ of production batches by more recent ones, is hardly accepted as 

disposal of the old batch can be a great financial loss. So goods that are shipped to the warehouse at a 

certain time cannot be sold after goods from a more recent batch already have been sold to the local 

market. For some products, this requirement is not so strict as different batches can be sold to different 

large customers. However, as we will see for a certain type of product this is not the case and batch 

restrictions should be kept.   

A final remark is about the cargo size. When the size of the entire shipment is very large this has 

considerable effect on the options for transport. Handling of large cargo for air transport to Asian 

destinations (which exceeds for example 40 pallets) is only possible to handle by very limited freight 

forwarders (in this example only one) and is very costly.  

I. Explanation of split rules 
This chapter considers the proposed split rules in more detail.  

 Definition of order split rule I.I.i.

A variable decision rule for splitting orders in air and ocean could be beneficial to comply with certain 

service levels. This rule would have to consider the net inventory, the stock in-transit (in the pipeline) 
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and the expected demand for a certain period. This period is depending on the review period and the 

difference between the lead time for air and ocean.  

The construction of a dynamic order split rule is abstracted from the reorder level as used in fixed 

quantity and reorder-level inventory models (s,Q) which are broadly discussed in Silver et al (1998). It is 

used to determine at which level of inventory a new order with a fixed quantity should be placed, if 

constant deterministic lead times, no cross-overs and stochastic demand are present. This reorder level 

is thus the amount of inventory that is necessary to reach a certain expected service level if demand is 

stochastic. As mentioned earlier, the supply chain is ‘working’ to primarily prevent stock-outs, having at 

the moment of splitting no choice to determine when to transport or what to transport.  

The following expressions are available to construct the reorder and safety stock level Silver et al (1998): 

 

 

                       √  (14) 

                         √  (15) 

 

      

                                                           

                                                                                       

 

If the lead time of ocean transport and other parameters are filled in, the results indicate at which 

inventory level the order should be placed for shipping via ocean in an (s,Q) model. Because a fixed 

order cycle forces to ship the goods that are released directly, this reorder level indicates the ‘minimum 

required ocean inventory level’ that ensures the expected service level (which is the basis of kα) using 

ocean freight.  

So if the current (gross) inventory level is below the ‘minimum required ocean inventory level’, the 

difference should be shipped via air to prevent stock-outs and reach a certain service level. It can even 

be argued that the safety stock levels could be based on the difference between the lead times for air 

and ocean because the option of emergency shipments reduces the risk of stock-outs for the period 

between air and ocean transport arrivals. The actual decision for splitting is made at the end of stage 1, 

just before the pre-leg and start of stage 2. If the review period is equal or longer than the longest lead 

time for a mode of transport, then the following equations could be used: 
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 Fixed mode split  I.I.ii.

A split that could be easily determined would be a fixed percentage of the goods to be shipped that is 

sent via a certain transport mode. To limit simulation time, two options are selected which are a fixed 

percentage of 10 and 20 of the total quantity to be shipped via Air.  
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J. Data collection and model parameter construction 
An overview of data collection and sources for certain parameters is given in the next table.  

Table 47: overview data collection and sources 

Topic Parameter Unit of measurement 
in data 

Unit of 
measurement in 
model 

Data 
Source 

Lead times Transportation time Air days weeks GIM, TM3 

 non-transportation or waiting time days weeks GIM, TM3 

     

movement 
data  

goods arrival in supply centre quantity per day N/A GIM 

 goods issued by supply centre quantity per day quantity per week GIM 

 weekly net inventory levels local 
warehouse 

quantity per day quantity per week GIM 

 goods arrival in warehouse quantity per day quantity per week GIM 

     

service 
levels 

history per year months N/A GIM 

     

safety 
stocks 

history of safety stock levels  quantity per month N/A APO 

 Current settings for safety stock 
levels  

quantity per month N/A APO 

     

Costs cost value of product per quantity per quantity GIM 

 holding costs of inventory at entity yearly % of unit cost 
value 

value per quantity 
per week 

interview 

 holding costs of stock in-transit yearly % of unit cost 
value 

value per quantity 
per week 

interview 

 variable transportation costs of 
shipping via air 

value per quantity value per quantity TM3 

 variable transportation costs of 
shipping via ocean 

value per quantity value per quantity TM3 

 

J.I. Lead time data analysis  
A further important topic is the construction of the actual lead times. The company is used to working 

with fixed lead times but before decisions can be made, actual lead times are examined. The IT-

databases of the company unfortunately does not offer a direct extract of the supply chain throughput 

times so several handlings are necessary to construct the lead times separately of the three different 

stages as in Figure 61. The lead times for pick-up and main leg are considered jointly as data suggests 

the pick up leg almost never exceeds 1 working days. As the SKU’s under consideration are mostly 

transported via air, similar SKU’s are chosen from the same supply centre that were shipped via ocean in 

2011 to compare lead times. For the Scandinavian supply centre this is not possible as there is hardly 

any ocean freight available so another supply centre in West-Europe is chosen. It is actually planned to 

ship the freight in the future to this supply centre using truck and then relocate to ocean freight. The 

results are displayed in working days in Table 48.  
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Figure 61: lead time stages 

 

Table 48: lead time data per stage, product X 

 Origin in Scandinavia Origin in West-EU 

 Air to Central America Air to Central America Ocean to Central America 

 average 
time 

Std 
Dev 

cv average 
time 

Std 
Dev 

cv average 
time 

Std 
Dev 

cv 

stage 
1+2+3 

13 3.6 0.3 22 6.0 0.3 35 5.3 0.1 

stage 1 7 2.4 0.4 14 3.6 0.3 15 3.1 0.2 

stage 2 4 4.6 1.3 2 1.0 0.5 13 2.0 0.1 

stage 3 3 0.0 0.0 8 6.7 0.9 7 2.6 0.4 

stage 2+3 8 3.4 0.4 10 6.7 0.7 21 2.9 0.1 

 

Table 49: lead time data per stage, product Y 

Origin in 
West-EU 

Air transport Ocean transport 

In working 
days 

average time Std Dev stdev/avg average 
time 

Std Dev stdev/avg 

stage 1+2+3 22 5.3 0.2 48 5.9 0.1 

stage 1 16 5.2 0.3 18 5.6 0.3 

stage 2 2 0.6 0.3 25 1.3 0.1 

stage 3 4 2.8 0.7 6 2.8 0.5 

stage 2+3 7 2.7 0.4 31 2.2 0.1 

 

The lead times of all stages together (1+2+3) are displayed in working days and not simply a sum of the 

separate stages because of rounding. To measure the variability, the coefficient of variation is used. This 

is the standard deviation divided by the average. The coefficient is for some stages in air freight of 

product X rather high (>0.5). This is due to several cases with very high or low values (more than two 

times the average) and a limited amount of shipment cases (ten or forty-two in 2011).   

For product X the difference in stage 1 between the two origins for air mode is rather large. However, 

between the two modes of the West-EU origin this is minor so these are assumed constant and 

identical.   
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Histograms of the duration of stage 2 are plotted in the following section 

 

Figure i: stage 2+3 air, prod Y 

 

Figure ii: stage 2 air, prod Y 

 

Figure iii: stage 2+3 ocean, prod Y 

 

Figure iv: stage 2 ocean, prod Y 

 

Figure v: stage 2+3 air, prod X 

 

Figure vi: stage 2 air, prod X 
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Figure vii: stage 2 ocean 

 

Figure viii: stage 2 air 

  

 Construction of lead times parameters J.I.i.

To be able to set the transport lead times in the deterministic model, the standard deviation is added to 

the average and these are rounded to the first number what can be divided by five and is greater than 

zero. For the other processes, the average duration is taken and rounded similarly.  Using this method, 

the resulting duration is in weeks of five working days, and the amount of variability on the high end is 

partly ‘covered’ by one standard deviation. For the ocean freight for product X, the shipments first have 

to be moved towards the West-European location of departure wherefrom the product can be moved to 

the destination. An extra 2 working days are assumed for this process in comparison to the lead time for 

ocean freight of the new location.  

Per product, it is assumed that for both modes, the duration of stage 1 is identical and the minimum 

duration is applied to both modes. As one can see in the previous Table 48 and Table 49, the maximum 

difference is namely only 12,5%. The difference between stage 2 lead times is clear. For stage 3 this is 

however a more challenging topic, because the waiting goods can be in several locations. They could for 

example be located in the port of destination, in a facility of the forwarding company or in the 

warehouse of destination waiting during quality check. Because no data is available about these 

separate waiting times they are aggregated and assumed fixed and set in the next chapter.  

J.II. Inter-arrival and shipment quantity data  
Inter-arrival time and quantity of goods to be shipped 

The inter-arrival times and quantity of the 2011 plant output is analysed and displayed in figures ix till 

xii. The moment of arrival is recorded as the date of arrival in the supply centre. The main challenge of 

this data is the partial release of batches by the plant. To cope with this, the arrival date of every last 

part per batch is taken to compare inter arrival time.  
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Figure ix interarrival time prod. Y 

 

Figure x quantity of arrived product, prod. Y 

 

Figure xi interarrival time prod. X 

 

Figure xii quantity of arrived product, prod. Y 

 

Table 50: inter-arrival time of batches 

Inter-arrival time output plant 

  

product X  product Y 2011 

In weeks, 2011 In weeks, 2010 In weeks, 2011 

average 4 8 2 

Standard deviation 3.8 n/a 1.0 

 

The inter-arrival times for product X have a high standard deviation, which is about the same as the 

average duration. In academic research it is very common to simulate inter-arrival times with a Poisson 

distribution where parameter is defined by the average and standard deviation which are equal. There 

are several conditions that characterize a Poisson process: 

 One arrival at a time 

 Each inter-arrival duration is independent of others 

 The arrivals occur at random 

 The probability of an arrival is independent of time 
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The reality is not in agreement with these conditions as the occurrence is planned and depending on 

other factors in manufacturing and forecasting. Incomplete information is could be made available 

about the arising of partly batches so these parameters are fixed.  

 

Table 51: Quantity of goods to be shipped 

output quantity product X 2011 product Y 2011 

average 8,748 6,694 

standard deviation 3,946 2,702 

preferred lot size 14,740 10,640 

Preferred lot size in terms of weeks average demand 7.9 2.7 

  

J.III. Demand and forecast analysis 
The following figures and tables display the demand in terms of sale figures. The weekly standard 

deviation of the forecast error (Δ FC-Sales) is the result which is used in the simulation modelling.

 

Figure 62: weekly demand (or sales) product X 

 

Figure 63: monthly sales and forecasts, product X 
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Figure 64: forecasts and sales product Y 

 

Table 52: yearly sales 2011 

Sales 2011 product X Product Y 

 no tender Tender (à 20.730) no tender 

Total quantity rounded  90.000 110.730 190,600 

Service level 100% 100% 100% 

 

Table 53: actual weekly sales 2011 

weekly sales information product X Product Y 

 48 weeks 2011 48 weeks 2011 

average 1858 3970 

stdev 2022 929 

Coefficient of variation  1.09 0.23 

  

In the following table, the weekly standard deviation of the forecast error (Δ FC-Sales) is the result which 

is used in the simulation modelling.  

Table 54: sales and forecasts 2011, product X 

Forecast and sales 2011 in 
quantities, prod. X 

 Forecast Sales (incl 
tender) 

Δ FC-Sales 
(incl tender) 

Sales (no 
tender) 

Δ FC-Sales 
(no tender) 

monthly average  9,224 9,227 3,502 7,500 2,940 

monthly stdev 3,070 5,545 3,772 3,096 2,490 

cv monthly 0.33 0.60 1.08 0.41 0.85 

weekly stdev 1,535 2,772 1,886 1,548 1,245 
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Table 55: sales and forecasts 2011, product Y 

Forecast and sales in quantities 2011, prod. Y Forecasts Sales (gross) Δ Forecast-sales 

monthly average  17,998 16,841 2,114 

monthly stdev 2,227 2,374 1,528 

Cv monthly 0.12 0.14 0.72 

weekly stdev 1113.72 1,187 764 

 

The figures show that the amount of sales of product X is very capricious on a weekly basis. Furthermore 

seasonal influences seem to be present, on a weekly and monthly basis, and accounted for by forecasts. 

Weekly sales can vary, depending on the ‘position’ of the week in the month. It could be the case for 

example that in the last week of the month, more than half of the monthly quantities are sold. For 

product Y, the demand per week is higher and less capricious.   

 Construction of demand parameters J.III.i.

Constant deterministic weekly demand 

Because the seasonal influences are complicated to model and the company has no intension to include 

them, they are neglected. It is furthermore assumed that there are 48 operating weeks per year, 4 

weeks per month and with each week having 5 working days. The total sales for the mid 48 weeks of 

2011 without tenders, is divided by 48 weeks resulting in an average demand per week. When this is 

compared to the actual weekly sales based on a 52 weekly year the bias is only 2% on a weekly basis.  

Stochastic weekly demand  

To construct the parameters for the stochastic demand distribution the following equations are used. 

                                                                             

                               
                                     

  

 
 

                                                   
 

 
 

 

Table 56: gamma distributed weekly demand 

Gamma distributed weekly demand Product X Product Y 

                                     2.21 27.0 

                                     840 141 

 

The safety factor    considers the chance for stock-outs, if a stochastic distributed demand exists and is 

used in various equations. For example, a required 98% service level would lead to a safety factor of 

2,05 if demand is normal distributed and 2,364 if demand is gamma distributed. For gamma distributed 

demand with large (alpha, beta) parameter settings for normal distribution are regarded a good 
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approximation (in general if 
 

√     
  , but here a cutoff value of 

 

√     
     is used as according to 

Strijbosch & Moors (1999).  

K. Setting of model parameters 
In this Appendix chapter, the setting of model parameters is fully explained.  

 Lead times K.I.i.

In the following chapter the used settings of the lead time parameters are discussed.  

Table 57: lead times settings 

Product  topic Lead time parameter stage μ+σ in working days Deterministic setting in weeks 

X  Waiting time before transport 1 15.6 3 

 Air mode Lead time 2 2.9+0.8 1 

  Waiting time after transport 3 3+0 1 

 Ocean mode Lead time 2 13+2.0 (+ 2 preleg) 3 

  Waiting time after transport 3 7 1 

Y General Waiting time before transport 1 7 1 

 Air mode Lead time 2 2.4+0.6 1 

  Waiting time after transport 3 4.3 2 

 Ocean mode Lead time 2 25+1.3 5 

  Waiting time after transport 3 6 2 

 

The deterministic lead times for transport (stage 2) are fixed at a value that considers the average lead 

time added with one standard deviation and rounded to the nearest value that can be divided by 5 to 

account for the number of working days per week. This is done so the lead time of the transport 

considers a large part of the variance and explained in chapter J.I.i. 

 Inventory parameter settings K.I.ii.
Table 58: model restriction settings 

 Set 
Safety 
days of 
supply 

weeks of 
safety 
supply 

used 
safety 
stock 

maximum 
days of 
supply 

Set weeks of 
maximum 
supply 

used 
maximum 
inventory 

demand 
during lead 
time air 

demand 
during lead 
time ocean 

Actual 
avg 
DOH 
2011 

Product X 30 6 11160 100 20 37200 9300 13020 78 

Product Y 18 4 20000 50 10 50000   31 

 

 Extensive Model parameter settings K.I.iii.
Table 59: model parameter settings 

Parameter Unit of 
measurement 

Product X Product Y 

Deterministic weekly 
demand    

pieces           per week     3970 per week 

Stochastic demand 1 Pieces Gamma  (α=2,214, β=840,1) so 

 [    ]      ,  [    ]      , 

cv=0,66 

Gamma  (α=19802, 

β=0.1964) so  [    ]  

    ,  [    ]     , 
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cv=0,19 

Distribution stochastic 
demand 2 

Pieces Gamma  (α=0,9841, β=1890) so 
 [         and cv=1 

Gamma  (α=9901, 
β=0.3929) 

Deterministic Shipment 
inter-arrival time    

Pieces                   

  
         

2 weeks 

Standard shipment 
quantity      

Pieces                     ≈ Preferred 

lot size=14740 
 

    *R=7940 

Starting inventory Pieces     *10=18600     *10=39700 

Waiting time SC (stage 
1) 

Weeks 3  1 

Lead time air (stage 

2)    

Weeks 1 1 

Lead time ocean (stage 

2)    

Weeks 3 5 

Waiting time before 
ready for inventory 
(stage 3) 

Weeks 1 2 

Longest lead time 
supply lane    

Weeks 7 8 

Longest lead time if 
waiting time is reduced 

Weeks 5 6 

Minimum inventory 
level    

Pieces       20807       36190 

Maximum inventory Pieces 20*    =37200               67950 

Amount of different 
random streams  

 5 5 

Total length runs Years 20 20 

Horizon for analysis Years 10-20 10-20 

 

The stochastic parameters are set using the two parameters ‘average weekly sales’ of the mid 48 weeks 

in 2011 and the ‘forecast error’, the difference between forecasted and actual sales, for the year 2011. 

As this is only available on a monthly basis this is calculated to a weekly value under the assumption that 

each month contains 4 full weeks with each 5 working days. The two parameters are used to set a 

gamma distributed demand which is often used to simulate demand and is non-negative but 

continuous; the demand is rounded to the nearest integer to generate practical values.  

For the deterministic settings, the values are chosen in such a way that the system is theoretically and 

on the long term, in balance. Therefore, the production parameters are aligned with the average weekly 

demand and the minimum and maximum inventory levels are set at plausible levels. The preferred lot 

size is considered for product X, which is similar to 8 weeks of average demand and is often used in 

historic data. For product Y, the preferred lot size is not considered as this is also not the case in 

practice. 

The starting inventory is set at factor 10 of the average demand. This is a value that is used by the supply 

centre of product Y in a switch from air to ocean.  The maximum demand is for product X, a 

multiplication of the average demand with factor 20 after consultation with the local warehouse, 

however no data is available for this setting which is actually not used in practice. For product Y the 

maximum allowed inventory is set according to the demand during the total longest lead time that is 

added to the minimum inventory allowed, as the product value is very high.  
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There are 5 different random number streams used so every simulation is done 5 times with similar 

settings except for the stream number. Furthermore, the total length of the simulation is 20 years which 

is 960 periods. To avoid the warm-up influences, a horizon of 10 to 20 years is used for long term result 

analysis.  

The costs and emission value parameters are discussed in the next chapter.  

L. Structuring of simulation results 
This chapter discusses the structuring of simulation results for comparison according to specific formats 

and methods.  

The output is registered on a periodic (weekly) basis and contains the following: 

 Number of stock outs occurrences 

 Amount of unfulfilled demand 

 Amount of inventory per period 

 Amount of stock in transit per period 

 Amount of shipments per mode of transport 

The output data is analysed and used for construction of the succeeding results on a yearly basis: 

 Average inventory (holding at warehouse and waiting)  

 Average forwarding costs  

 Service level per year measured by stock-out occurrence 

 Average tonne emissions  

The value parameters that are necessary to construct the results are discussed next.  

L.I. Costs and emission parameters per product 
The following parameter settings are used for cost and emission calculation and implemented together 

with the quoted equations in the data sheets that transform the model output into the results. The 

sources of the data can be found in shipment and delivery databases. For forwarding costs, it is assumed 

that the used values account for all the costs that are the result of shipping the product from its origin to 

its destination. This should include forwarding costs for the pre and main leg, administration costs 

etcetera. For emission sources, similar data is used as in the case studies.   

Table 60: costs value parameters 

Parameter Product j=  X Product j= Y 

     costs forwarding 1 piece via air 1.0 3.2 

     costs of forwarding 1 piece via ocean 0.16 0.68 

V=value costs 1 piece of product j 6 120 

     weekly inventory holding cost per piece based on 48 weeks per year 0.022 0.430 

     weekly in-transit holding cost per piece based on 48 weeks per year 0.015 0.288 
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Table 61: values emission parameters 

Mode e Ocean Air 

 Product j=  X Product j= Y Product j=  X Product j= Y 

       =Pre leg distance km 1400 + 260 260 25 25 

        Pre leg  gram CO2/tkm 120 120 120 120 

         Main leg  distance km 9840 20737 9714 8831 

         Main leg  gram CO2/tkm 11,5 11,5 860 900 

 

L.II. Comparison of model configurations 
Results of the simulated models are compared using a Paired-t Confidence interval as described in Law 

& Kelton (2000). This is enables comparison between several models and per experiment run. The 

procedure is defined according to the following 
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If the Zj’s are normally distributed this confidence interval is exact, otherwise the central limit theorem 

implies that this coverage will be near     for large n. However, as n is relatively small this should be 

considered during analysis. In this way, no assumptions are necessary that      and      are independent 

(which is not expected as the demand in an experiment run j is similar in both models 1 or 2).  

M. Example influence modal shift 
A simple case study with deterministic parameters for lead time, demand, review period and 

order/shipment quantity is considered to see an indicative impact of switching from air to ocean.  
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The review of only one order cycle for a lane with the origin in Finland (Turku) and destination in a 

Mexican warehouse is discussed here. The parameters of the model are defined as the notation in 

chapter 5.7.5.  

It is assumed that during the week demand occurs. At the end of the week goods can arrive, where after 

a decision about new shipments can be made. The sequence of events is that between two consecutive 

weeks, inventory is firstly deducted with demand that occurred the prior week. Next, inventory is 

updated if shipments arrive. At last, decisions are made concerning new shipments if necessary.  

The total costs per order cycle are the sum of the costs of holding stock in transit, the costs of holding 

inventory at the warehouse and the costs of shipping the quantities via a certain transport mode. As no 

information is known about the ordering costs, these are not taken into account. The costs per order 

cycle are defined as follow: 

The case is displayed with two scenarios, one with no order split and everything shipped via air, the 

other one with a fixed order split resulting in the largest amount via ocean. The results in figure show 

that  when using mainly ocean transport and splitting 25% of the total cargo towards air shipment, the 

amount of stock in-transit increases with the pink area, but the average inventory at the local 

warehouse decreases during an order cycle (surface under the red graph in comparison with the blue 

graph). This is when assuming a fixed level of starting inventory for both scenarios at time of ordering.  

Table 62: case study modal shift influence 

parameter value  parameter pallets pieces 

   cost shipping via air per unit 500 1.11 

# SKU-pieces per pallet 450  cost shipping via ocean per unit 70 0.16 

value SKU-piece 6  Deterministic demand per week per unit 4 1800 

holding costs per week 0.020  Net Inventory time=0, in weeks demand when 
only air per unit 

4 7200 

WACC per week 0.014  Net Inventory time=0, in weeks demand when 
split per unit 

4 7200 

Inter-arrival / review period 
in weeks 

8  Order quantity (Q)  per unit 32 14400 

lead time shipping via air in 
weeks 

2  split; quantity via air per unit 8 3600 

lead time shipping via 
ocean in weeks 

4  split; quantity via ocean per unit 24 10800 
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Figure 65: overview result modal shift, green and pink are in-transit products 

Table 63: results modal shift example 

Result 
example 
modal shift 

average 
pieces of 
inventory 

average 
total costs 

forwarding 
costs 

% 
forwarding 
costs 

holding 
costs 

% 
holding 
costs 

in-transit 
costs 

% in-
transit 
costs 

Total  all via 
air 

19.800 17.790 16.000 90% 1.395 8% 395 2% 

Total 25% 
via air 

23.400 7.325 5.680 78% 955 13% 690 9% 

M.I. Conclusion modal shift example 
The parameter settings are an abstract of practice where the variable transport price per piece is a large 

multiple of the holding costs. The main drivers of the total costs are thus transportation costs in this 

example. This is with assumed deterministic parameter values, a relative cheap product value and a 

fixed ‘starting’ inventory level. In a stochastic setting it can be expected that this starting inventory is 

higher which will include a certain safety stock. This example confirms that the main concern when 

switching from air to ocean is not the trade-off between transport-, inventory- or stock in-transit costs, 

but the stock out risk. Notion should be given to the product value which increases the importance of 

the holding cost trade-off.   
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N. Results simulations product X 
This chapter contains the output and restructured data from product X simulations. 

N.I. Data output product X, split rule scenario 
The following graphs represent an example output of product X for the simulation of the split rule 

scenario. The graphs show the warming up period in the first couple of years and the minimal actual 

influence of the rule what is displayed by Figure 67. 

 

Figure 66: net inventory in pieces per year, product X split rule scenario 

 

Figure 67: average shipment quantity air:ocean ratio, per year, product X split rule scenario 

 

Figure 68: average weekly net inventory, product X split rule scenario 
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N.II. Results scenario performance product X 
 

Table 64: Results scenario performance product X, overview 1 

  Costs Tonne Emissions 

#  year 1  average 10-20 
years 

average total 
yearly 

y1 average 10-20 
years 

average yearly 

1 only air 119,859 120,459 120,918 116 120 110 

2 only air adj. 119,786 116,393 116,836 118 120 110 

3 10% air 46,336 51,175 50,840 15 16 15 

4 20% air 54,562 58,853 58,646 27 28 25 

5 split rule 43,347 46,252 46,156 9 5 5 

6 only ocean 38,238 39,701 43,172 4 4 4 

7 10% air & variable 
arrival 

48,027 51,487 50,521 15 15 15 

 

Table 65: Results scenario performance product X, overview 2 

 Zero stock lost demand mode ratio forwarding costs 
yearly 

inventory costs 
yearly 

average 
DOH 

# yearly 
avg 10-
20y 
occur-
ence 

Service 
level 
y10-20 

total 
occur-
ence 

y1 

occur-
ence 

total 
sum 

y1 
sum 

total 
yearly 
average 

y1 total 
yearly 
average 

y1 total 
yearly 
average 

y1 total 
10-
20 

y1 

1 0.08 99.8% 3.00 1.20 4,478 884 0.00 0.00 90,315 94,657 29,262 23,796 56 39 

2 0.12 99.8% 3.60 0.80 6,472 1,433 0.00 0.00 89,994 96,421 25,506 21,933 45 34 

3 0.24 99.5% 7.00 1.80 15,313 2,489 0.11 0.11 21,557 22,461 25,549 19,985 47 30 

4 0.20 99.6% 5.20 1.20 9,451 1,264 0.25 0.25 29,229 30,662 25,939 20,252 48 30 

5 0.08 99.8% 4.00 1.60 6,298 1,338 0.01 0.04 14,909 18,223 27,255 20,954 51 31 

6 0.38 99.2% 9.60 2.00 23,685 3,657 0.00 0.00 13,913 14,388 25,275 19,730 46 29 

7 0.32 99.3% 6.8 1.20 12,502 2,328 0.11 0.11 21,464 22,588 25,344 21,562 47 34 

 

Table 66: Results scenario performance product X, overview 3 

# scenario total average 
costs 

forwarding costs holding costs in transit sum 

1 only air 120,459 75% 24% 1% 100% 

2 only air adj. 116,393 77% 22% 1% 100% 

3 10% air 51,175 42% 50% 7% 100% 

4 20% air 58,853 50% 44% 6% 100% 

5 split rule 46,252 32% 59% 9% 100% 

6 only ocean 39,701 32% 59% 9% 100% 
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Table 67: Comparison scenario performance based on periods with stock-outs, tested with t-tests 

α=0,05 confidence difference stock out a>b 

Stock out a↓ b→ 1 5 2 4 3 6 

0.08 1: only air  -1.52 till 1.52 -1.08 till 
0.28 

  -7.56 till 
1.56 

0.08 5: split rule   -1.82 till 
1.02 

-4.53 till 
2.13 

-4.72 till 
1.52 

-8.69 till 
2.69 

0.12 2: only air adj.    0 till 0   

0.20 4: 20% air     -1.08 till 
0.28 

 

0.24 3: 10% air      -3.97 till 
1.17 

0.38 6: only ocean       

 
Table 68: Comparison scenario performance based on DOH, tested with t-tests 

α=0,05 confidence difference DOH Y>X 

DOH level a↓ b→ 1 5 4 3 6 2 

56 1: only air  0.66 till 
1.37 

   1.08 till 3.17 

51 5: split rule   0.35 till 
0.98 

  0.17 till 2.05 

48 4: 20% air    0.17 till 0.2 0.17 till 0.42  

47 3: 10% air     -0.01 till 
0.24 

-0.63 till 
1.15 

46 6: only ocean      -0.76 till 
1.05 

45 2: only air adj.       

 

 

 Figures parameter analysis product X N.II.i.
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Figure 69: parameter analysis product X, overview 1 

 

 

Figure 70: parameter analysis product X, overview 2 
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 Cost analysis scenarios product X N.II.ii.

The following tables contain the cost analysis for various splitting scenarios for product X.  

Table 69: cost analysis scenarios product X, overview 1 

   50% increase product value 100% increase air forwarding costs 

#  base costs 
in euro 

costs in 
euro 

% 
increase 
costs 

% costs against 
'only air adj.' 

costs in 
euro 

% increase 
costs 

% costs against 
'only air adj.' 

 actual 
2011 

122,494 138,584 13% 2% 212,809 74% 3% 

1 only air 120,459 136,045 13% 5% 209,747 74% 2% 

2 only air 
adj. 

116,393 129,900 12% 0% 205,771 77% 0% 

3 10% air 51,175 66,084 29% -51% 60,075 17% -71% 

4 20% air 58,853 73,820 25% -46% 76,678 30% -63% 

5 split rule 46,252 62,116 34% -54% 46,974 2% -77% 

6 only 
ocean 

39,701 52,644 33% -61% 39,701 0% -81% 

 

 

Figure 71: Influence air forwarding costs on total costs compared to only air, product X 

 

Figure 72: Influence product value on total costs compared to only air, product X 
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O. Simulation results product Y  
This chapter contains the output and restructured data from product Y simulations. 

O.I. Example output simulation product Y 
The following graphs represent an example output of product Y for the simulation of the only ocean 

scenario. 

 

Figure 73: example output simulation product Y scenario only ocean view 1 

 

Figure 74: : example output simulation product Y scenario only ocean view 2 

O.II. Results scenario performance product Y 
Table 70: Results scenario performance product Y, overview 1 

  costs in euro tonne emissions 

# scenario year 1  average 
10-20 
years 

total 20 
years 

average total 
yearly 

year 
1 

average 10-
20 years 

total average 
yearly 

2a only air adj. 1,127,905 1,107,670 24,212,284 1,100,558 3,296 3,606 72,159 3,280 

2b 10% air no-
crossover 

851,779 1,041,895 21,901,781 896,620 426 472 9,443 429 

2bi 10% air 
crossover 

850,179 1,041,877 21,899,978 896,534 426 472 9,443 429 

2c 20% air no-
crossover 

914,117 1,100,263 23,190,616 966,190 749 821 16,439 747 

2ci 20% air 
crossover 

911,315 1,100,260 23,188,567 966,097 749 821 16,439 747 

2e only ocean 789,662 983,571 20,615,267 827,162 103 123 2,446 111 
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Table 71: Results scenario performance product Y, overview 2 

 Zero stock  lost demand mode ratio 
air:ocean 

forwarding costs 
yearly 

inventory costs 
yearly 

average DOH 

# yearly 
avg in 
10-20y 

Services 
level 

total  y1 total  y1 Total 
avg  

y1 Total 
avg  

y1 total  
avg 

y1 avg 10-
20 

y1 

2a 0,04 99,9% 2.0 0.2 909 20,80 0,00 0,00 603,656 606,615 441,929 466,047 12.48 13,36 

2b 0 100% 0.40 0 171 0 0,11 0,12 176,805 169,430 565,924 446,653 21.60 12,15 

2bi 0 100% 0 0 0 0 0,11 0,12 176,813 169,430 565,825 445,053 22.60 13,07 

2c 0 100% 0 0 0 0 0,25 0,27 224,472 218,680 598,793 479,729 22.60 13,03 

2ci 0 100% 0 0 0 0 0,25 0,27 224,472 218,680 598,699 476,927 24.60 14,89 

2e 0 100% 1.0 0.20 570,80 27 0 0 129,136 120,162 533,182 413,854 20.60 11,30 

 
Table 72: Results scenario performance product Y, overview 3 

# scenario total 
average 
costs y10-
20 

costs % 
of only 
air adj 

costs % of  
‘2a:only air adj’ 
for  y1 

forwarding 
costs per 
scenario 

holding 
costs per 
scenario 

in transit per 
scenario 

sum per 
scenario 

2a only air adj. 1,107,670 100% 100% 55% 40% 5% 100% 

2b 10% air no-co 1,041,895 94% 76% 18% 57% 25% 100% 

2bi 10% air crossover 1,041,877 94% 75% 18% 57% 25% 100% 

2c 20% air no-co 1,100,263 99% 81% 21% 57% 22% 100% 

2ci 20% air crossover 1,100,260 99% 81% 21% 57% 22% 100% 

2e only ocean 983,571 89% 70% 14% 57% 29% 100% 

 
Table 73: Comparison scenario performance based on DOH, tested with t-tests 

α=0,05 confidence difference DOH a>b 

DOH level a↓ b→ 2ci 2c 2bi 2b 2e 2a 

25 2ci: 20% air crossover  0.4 till 0.4 0.4 till 0.4    

23 2c: 20% air no-co   0 till 0    

23 2bi: 10% air crossover    0.2 till 0.2   

22 2b: 10% air no-co     0.2 till 0.2 0.16 till 3.48 

21 2e: only ocean      -0.04 till 3.28 

12 2a: only air adj.       
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 Figures parameter analysis product Y O.II.i.

 

Figure 75: Figures parameter analysis product Y, overview 1 

 

Figure 76: Figures parameter analysis product Y, overview 2 

 

Figure 77: Figures parameter analysis product Y, overview 3 
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Table 74: results reduction of leadtime 

   zero stock W.O.H. Tonne emissions 

scenario Base 
case 

Change Avg 
impact 

± inverval 
α=.05 

Avg 
impact 

± inverval 
α=.05 

avg 
impact 

± inverval 
α=.05 

mode use ocean 10% air 0.0 0.0 0.3 0.0 318.0 1.4 

Total non-transport 
waiting time 

3 for all 1 for 
ocean, 3 
for air 

0.0 0.0 1.9 0.0 0.0 0.0 

interaction effect   0.0 0.0 -0.1 0.0 -0.2 0.0 

O.III. Cost analysis scenarios product Y 
Table 75: Cost analysis scenarios product Y, overview 1 

  50% increase product value 100% increase forwarding costs 900% increase air forwarding 
costs 

 base 
costs in 
euro 

costs in 
euro 

% 
increase 
costs 

% costs Δ 
against 
'only air 
adj.' 

costs in 
euro 

% 
increase 
costs 

% costs Δ 
against 
'only air 
adj.' 

costs in 
euro 

% 
increase 
costs 

% costs Δ 
against 
'only air 
adj.' 

actual 1,412,627 1,817,112 29% 34% 2,016,283 43% 18% 6.845.531 385% 5% 

only air 
adj. 

1,107,670 1,359,934 23% 0% 1,710,812 54% 0% 6.535.946 490% 0 

10% air 
no-co 

1,041,895 1,474,317 42% 8% 1,102,402 6% -36% 1.586.454 52% -76% 

10% air 
crossover 

1,041,877 1,474,290 42% 8% 1,102,384 6% -39% 1.586.436 52% -76% 

20% air 
no-co 

1,100,263 1,538,089 40% 13% 1,221,275 11% -29% 2.189.379 99% -67% 

20% air 
crossover 

1,100,260 1,538,110 40% 13% 1,221,273 11% -36% 2.189.377 99% -67% 

only 
ocean 

983,571 1,410,608 43% 4% 983,571 0% -43% 983.571 0% -85% 
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Figure 78: Cost analysis scenarios product Y, overview 2 

 

Figure 79: Cost analysis scenarios product Y, overview 3 

 

Figure 80: relation influence forwarding costs on total costs 
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P. Summary and overview simulation results 
This chapter gives an overview of the simulation results for both products. In the following table the cut-

off product cost value is displayed for modal shift.  

Table 76: interpretation of results simulation studies 

characteristic source unit 
product 
X 

product Y 

product value data euro 6 121 

sales cost value data euro 558,159 23,137,614 

sales quantity data pieces 89,28 190,56 

net cost savings switch simulation euro 72,736 124,099 

costs savings switch to ocean simulation % euro/euro -62% -11% 

cut-off product cost value switch simulation euro 213 158 

average forwarding cost ratio air:ocean data euro/euro 6.43 4.67 

average in-transit ratio air:ocean data euro/euro 0.33 0.2 

average transport cost ratio air:ocean 
(including in-transit & forwarding) 

data euro/euro 5.07 1.63 

average WH inventory cost air:ocean ratio 
per piece  

simulation euro/euro 0.98 0.57 

emission ratio air:ocean data  
tonne emission/tonne 
emission 

26.75 29.48 

cv demand data stdev/average 0.67 0.19 

Average forecast accuracy 2011 data   0.75 0.9 
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Figure 81: results in yearly costs in 1000 euro, prod. X 

 

Figure 82: results in yearly tonne emissions, prod. X 

 

Figure 83: results in yearly costs of 1000 euro, prod. Y 

 

Figure 84: results in yearly tonne emissions, prod. Y 

 

 

Figure 85: estimated global relation sales value, total sales, mass and quantities 
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Figure 86: estimated global relation cumulative mass and cumulative sales value 

 

Table 77: ABC classification product sales value 

Ranked product sales 
value (low to high) 

aggregated sum % 
sales 

aggregated sum % 
mass 

aggregated sum % 
quantities 

2,464 11.37% 67.36% 80.00% 

4,355 22.17% 80.03% 88.94% 
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Q. Fuel consumption and emission rates air and road vehicles 
Table 78: database emission factors air vehicles 

TypeNo. Description  Capacity  Fuel 
type  

CEF 50  CEF 75  CEF 
100  

VEF 50  VEF 75  VEF 
100  

#  Tonne  TE/haul TE/haul TE/haul TE/km TE/km TE/km 

34 MIX 43,91  4,78 5,45 6,23 0,02 0,02 0,02 

35 Lufthansa 30,74  4,96 5,32 5,69 0,02 0,02 0,02 

37 FedEx 55,77 Jet A1  5,79 6,75 7,70 0,02 0,02 0,02 

38 FedEx-MIX 49,84 Jet A1  5,28 6,10 6,97 0,02 0,02 0,02 

39 DHL-Aviation 43,87 Jet A1  5,01 5,77 6,58 0,02 0,02 0,02 

40 DHL-Fedex 49,82 Jet A1  5,40 6,26 7,14 0,02 0,02 0,02 

41 UPS 55,35 Jet A1 5,24 6,22 7,35 0,02 0,02 0,02 

42 Mix all 51,22  5,46 6,32 7,23 0,02 0,02 0,02 

 

 

Table 79: fuel consumption rates European road vehicls 

Transpor
tType 

Description  Highway 
empty  

Highway 
full  

Rural 
empty  

Rural 
full  

Urban 
empty  

Urban 
full  

Capacity 
weight  

Capacity 
volume  

Capacity 
pallets  

Length  

R01 Pick-up (< 2.5 
mT)  

0,099 0,099 0,092 0,092 0,138 0,138 0,6 4,5 1 5 

R02 Van (< 3.5 mT)  0,14 0,14 0,107 0,107 0,168 0,168 1,5 10 4 7 

R03 Light truck 
(3.7 - 7 mT)  

0,122 0,137 0,107 0,126 0,11 0,134 5 35 14 8 

R04 Medium truck 
(7 - 18 mT)  

0,165 0,201 0,152 0,197 0,171 0,228 7 44 24 12 

R05 Heavy truck 
(16 - 26 mT)  

0,204 0,273 0,199 0,284 0,244 0,352 15 44 24 12 

R06 Tractor + city-
trailer (16 - 26 
mT)  

0,201 0,294 0,205 0,318 0,255 0,402 15,75 57 24 13,5 

R07 Truck + trailer 
(< 40 mT)  

0,226 0,36 0,23 0,396 0,288 0,504 22 104 36 18,75 

R08 Tractor + 
semi-trailer (< 
40 mT)  

0,226 0,36 0,23 0,396 0,288 0,504 26 92 33 16,5 

R09 Tractor + 
mega-trailer (< 
50 mT)  

0,246 0,445 0,251 0,495 0,317 0,634 33 110 33 16,5 

R10 Truck + semi-
trailer (< 60 
mT)  

0,282 0,54 0,334 0,608 0,369 0,783 40 140 51 24.625 

 

 


