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Abstract  

The advanced internationalization and evolution of markets and production processes continuously 

adds to the complexity of supply chains, along with an increased pressure to improve the sustainability 

of processes and optimize their efficiency. In a world that is increasingly demanding to have the right 

product at the right time and place, transportation is one of the most fundamental activities within a 

supply chain. Given this importance, there is a continuous pursuit of optimization opportunities in this 

area that can contribute to an increased efficiency of the supply chain as a whole.  

This work addresses a car manufacturer, Volkswagen Autoeuropa, with specific focus on inbound 

logistics and the challenges it encompasses when trying to incorporate transportation costs specificities 

into transportation and replenishment decisions.  

Hence, the thesis presents a problem introduction with further analysis of the factory’s inbound logistics 

activities and flows, plus relevant information regarding that area. Next, a literature review regarding 

supply chain and transportation topics is performed, with the aim of investigate current state of the art 

and identify relevant approaches. Afterwards, a more complete problem statement, along with 

information regarding the essential data and its treatment, is presented. Following, the different 

approaches followed to resolve the problem at hands are described, as well as the outputs that will be 

useful for Autoeuropa, and the results of those approaches are then further analyzed and commented 

on the succeeding chapter. Lastly, key points to retain, recommendations to Autoeuropa and topics for 

further study are explained in the last chapter.  

Keywords: supply chain management; transportation decision-making; transportation management; 

freight modeling; inbound logistics.  
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Resumo  

A crescente internacionalização e evolução dos mercados e processos acrescenta, continuamente, 

complexidade às cadeias de abastecimento, assim como uma constante pressão na melhoria da 

sustentabilidade dos seus processos e otimização da sua eficiência. Num mundo que exige ter os 

produtos certos no momento e lugar certos, o transporte revela-se uma das componentes mais 

fundamentais duma cadeia de abastecimento. Dada esta importância, existe uma contínua procura de 

oportunidades de otimização que levem a uma melhoria da eficiência da cadeia de abastecimento na 

sua totalidade.  

O presente projeto aborda as atividades de abastecimento e transporte de uma fábrica de automóveis, 

a Volkswagen Autoeuropa, com especial enfoque na logística inbound e nos desafios que a empresa 

encontra no sentido de incorporar especificidades do comportamento dos preços de abastecimento nas 

decisões de transporte e o seu impacto em inventário.  

Assim, o trabalho apresenta uma introdução do problema, seguido de uma análise mais detalhada das 

atividades e fluxos logísticos de entrada, assim como toda a informação relevante sobre a fábrica. 

Seguidamente, é apresentada uma revisão da literatura, com o objetivo de investigar o presente estado 

da arte e identificar abordagens relevantes a ser consideradas na resolução do problema. Após este 

capítulo, apresenta-se uma descrição completa do problema, dos dados essenciais e tratamento dos 

mesmos. Seguidamente, as diferentes abordagens utilizadas para analisar o problema são descritas, 

assim como as ferramentas que servirão para a Autoeuropa. No capítulo subsequente, são 

apresentados e comentados os resultados das abordagens. Por fim, explicitam-se as conclusões 

principais, as recomendações à empresa e a apresentação de pontos de estudo futuro.  

Keywords: gestão de cadeias de abastecimento; decisões de transporte; gestão de transportes; 

modelação de cargas; logística inbound. 
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1. Introduction  

1.1. Problem background and motivation  

Worldwide and across industries, supply chains (SC) are continuously forced to perform exceptionally 

better by the day, customers demand higher service levels and competition tightens. Within the supply 

chain, several players need to be taken account. Focused on outcomes, a competitive supply chain 

capability not only assures the on-time delivery of component material, but also the execution of inbound 

supply to ensure the shipment of quality finished goods at a competitive price while delivering on-target 

margins for the manufacturers (One Network Enterprises, 2015). 

Therefore, transportation is an indispensable activity in a supply chain, yet it can account for more than 

50% of total logistics costs (Swenseth & Godfrey, 2002), thus becoming obvious why optimizing 

transportation costs is a priority for companies. Without well-developed transportation systems, logistics 

could not bring its advantages into full play. Besides, a good transport system in logistics activities could 

provide better logistics efficiency, reduce operation cost, and promote service quality (Tseng, 2005). 

Furthermore, transportation impacts other areas of the company, since usually transportation costs are 

diminished by increasing the quantity being shipped, so the company needs to build up inventory, which 

also represents costs. More, and within a just-in-time manufacturing context, companies need to have 

a very efficient and reliable transportation system, since the requirements are notified with a short 

advance, suppliers need to be ready, otherwise it will be necessary to perform special transports, which 

are, of course, costly.  

The problem addressed in this work and presented by Volkswagen Autoeuropa (VW AE) is exactly a 

transportation issue, with the goal of optimizing transportation and aiding transportation managers’ 

decision-making.  

The challenge presented is regarding specific rates inbound transportation companies charge for freight 

transportation, on a weight-basis. These rates are similar, or equal, for locations with certain proximity 

and can be constant for different cargo weights. However, they differ greatly among states and countries. 

The goal of this work is to identify and study the different rates, so as to try to optimize the unitary cost 

– in terms of inbound transportation - of the materials, by trying to model and develop different possible 

future scenarios that will improve transportation SC inbound operations.  

To perform the aforementioned analysis it will be necessary to focus on a broader panorama also, since 

transportation changes can greatly impact other areas within the company, specifically regarding 

inventory, and space availability, in a just-in-time based automotive industry, like Autoeuropa.  

1.2. Thesis Objectives 

The present work aims to identify and characterize the problem presented by AE, as well as to obtain 

meaningful outputs to give response to the problematic arisen. In order to frame the arising of this 

problem, it becomes necessary to analyze the respective company, Volkswagen Autoeuropa, by deeply 

exploring its internal logistics. A theoretical approach is also crucial, in order to identify the current state 

of the art, and find methodologies suitable for the problem. Furthermore, an appropriate data treatment 
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and the application of that data on approaches that could lead to new hypothesis to consider will help 

to obtain a meaningful result.  

1.3. Research Methodology  

This subchapter presents the mains steps to be followed along this dissertation, which are depicted in 

figure 1.  

 

1) Problem definition  

The first and paramount step is to understand the current state regarding inbound transportation 

within Autoeuropa. In this sense, all the inbound flows must be characterized, with particular 

attention to the transportation from the suppliers, identifying the main entities and their roles. 

The problem is finally characterized having under consideration Autoeuropa’s challenges and 

objectives.  

2) State of the art / Literature Review 

In this step a literature review of the relevant issues addressed in the previous point will be 

undertaken, namely regarding supply chain management and modeling, transportation 

decisions, cost optimization and sustainability. The aim is to identify best practices and 

methodologies that can inspire the resolution of the problem considering not only economic 

aspects but also sustainability concerns.  

3) Data collection  

The third step requires data collection and processing, for which a data collection methodology 

must be selected, having under consideration its fitness. Some assumptions might need to be 

made, in case relevant data is missing.  

4) Model development/ Scenarios:  

A model would be developed, as tool to future implementation of the methodology in upcoming 

similar problems. Several scenarios will be constructed, in order to analyze the collected data 

and hence build feasible solutions for the problem. All scenarios will be tested and submitted to 

validation at Autoeuropa.  

Figure 1 – Dissertation main steps 
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5) Results analysis and discussion:  

Results from the previous step will be carefully analyzed, so as to understand which of the 

feasible solutions are more suitable for the problem, and the reasons behind this suitability. 

It is important to refer that the described methodology represents a plan of the course of action. This 

methodology is prone to alterations during the development of the work, as some times reality deviates 

from the planned actions. However, the possible changes should not, in anyway, hamper the objectives 

of the Master’s Thesis.  

1.4. Outline  

Chapter 1 – Introduction  

The first chapter listed corresponds to the current chapter. It presents the context of the problem under 

analysis, the objectives of this project and the methodology to be followed.  

Chapter 2 – Case Study: Volkswagen Autoeuropa 

A comprehension of the company is crucial to fully understand the problem at hand. Hence, a detailed 

depiction of Volkswagen Group, in general, and Autoeuropa, in particular, is undertaken. In this way, 

the problem can be fully framed within AE logistic activities. 

Chapter 3 – State of the Art / Theoretical Framework 

In this third chapter, a literature review is performed to see current best practices when it comes to 

dealing with transportation issues. A general introduction of Supply Chain is then followed by more 

specific information regarding transportation decisions and their impact through the supply chain.  

Chapter 4 – Problem Statement and Data Treatment   

This chapter presents a summary of the problem statement, and describes more profoundly its scope, 

allowing the identification of fundamental data. Therefore, data collection and treatment are described 

in this chapter, clarifying all necessary assumptions and simplifications undertaken. 

Chapter 5 – Approaches Explanation   

An explanation of the different approaches considered for giving solution to the problem is presented in 

the fifth chapter, along with the rationale behind each of them.  

Chapter 6 – Case Study Resolution 

Chapter 6 presents the results of the application of different approaches to the case study. Different 

scenarios’ results are explained and justified. Information is carefully analyzed and discussed, and the 

justification of the main findings is presented at the end.  

Chapter 7 – Conclusions and Future Work    

Last chapter contemplates the most significant findings throughout the development of this work, along 

with the recommendations to AE that those findings allowed to drawn. Some important aspects that 

could be further studied are also pinpointed in this section.  
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2. Case Study: Volkswagen Autoeuropa  

This chapter aims to provide context for the problem under study, and so the environment in which it 

arises is presented with some detail.  

First, the automotive manufacturing business of Volkswagen (VW), as group, is described briefly and 

then more deeply regarding its activities in Portugal, namely in Autoeuropa plant.  

Autoeuropa operations will be further explained in this chapter, with particular focus on its inbound 

logistic activities, so data related to suppliers and material flow is displayed.  

2.1. Volkswagen Group 

Volkswagen Group is one of the biggest vehicle manufacturers in the world, with German origins around 

the year 1930, it has its current head office in Wolfsburg, Germany. The group is composed by twelve 

highly recognized brands in the automobile sector: Volkswagen, Audi, SEAT, Sköda, Bentley, Bugatti, 

Porsche, Ducati, Scania, MAN and Volkswagen commercial vehicles. However, “each brand has its own 

character and operates as an independent entity on the market, providing costumers, overall, with a 

product spectrum that ranges from motorcycles to low-consumption small cars and luxury vehicles, 

including pick-ups, buses and heavy trucks” (Volkswagen AG, 2014).  

Currently, VW Group owns 119 plant factories worldwide, distributed among 20 European countries and 

11 countries spread around America, Asia and Africa, with a total production of approximately ten million 

vehicles, from 335 different models, which are commercialized in 153 countries (Volkswagen AG, 2015). 

VW Group aims to offer attractive, safe and environmentally sound vehicles which can compete in an 

increasingly tough market and set world standards in their respective class.  Its strategy to be the most 

innovative high volume brand in the world is grounded on four fundamental points: being a top employer, 

reaching top values in consumer satisfaction and quality, obtaining 21% of return on investment and, 

lastly, attaining a sales volume of over ten million vehicles per year (Volkswagen AE, 2015). 

2.2. Volkswagen Autoeuropa  

2.2.1. History   

Volkswagen Autoeuropa history goes back to the year 1991, and begins with the signature of an 

investment contract between the Portuguese government and the joint venture Volkswagen and Ford. 

In the same year, the construction of a plant in Palmela, Setúbal, begins, and four years later, the plant 

is inaugurated and production starts, with three models of multipurpose vehicles (MPV): Volkswagen 

Sharan, Seat Alhambra and Ford Galaxy.  The initial investment was 1 970 million euros, becoming the 

biggest foreign investment done in Portugal until today.  

In 1999, VW Group acquired the total share of the company, with the consequent discontinuation of the 

Ford Galaxy, in 2006. In that same year, VW Autoeuropa begins the production of the EOS model, a 

convertible car. A new model was included in 2008, the VW Scirocco, leading to the implementation of 

the single line concept for the production of all three existing models (MPV vehicles are considered one 
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sole model), in the year after. The shifting to single line production provided the company with greater 

flexibility, since it became possible to produce different models in the same line.  

In year 2010, the official designation of the company changed to “Volkswagen Autoeuropa Lda.”, which 

is the current name, and the new generation of Alhambra and Sharan MPVs was introduced.  

Twenty three years after the contract signature, in 2014, AE has 3 572 contributors that are directly or 

indirectly related to the production volume of 102 250 vehicles obtained in that year, which translated 

into 1,78 billion euros in sales volume (Volkswagen AE, 2015). 

2.2.2. Production and markets 

The Portuguese automobile industry produced, in 2014, approximately a total of 162 000 vehicles, from 

which AE was responsible for 63,3% of the produced cars, totalizing 102 250 units, as stated above.  

AE installed capacity is, currently, of 860 vehicles per day, which represents, roughly, 189 200 final cars 

per year. However, AE has been working under its capacity, as can be seen in Table 1, where is possible 

to observe AE production characteristics in 2013 and 2014.  

As shown on Table 1, in 2014, the percentage of cars not destined to the Portuguese market totalized 

99,1% of AE’s production. This value has changed throughout the years, but it’s consistently high, from 

where it is possible to conclude that this company’s activity contributes substantially to the Portuguese 

economy, regarding exportation, as can be seen in the data above, with a percentage of 3,7% of impact 

on Portuguese exportations and 1% on the GDP, for 2014.  

The previously stated percentage of VW AE production that is not fed to the Portuguese market is 

destined to a variety of countries, in several continents, with the principal target markets being Germany, 

China and United Kingdom, as can be seen in figure 2.  

Through the analysis of figure 2, it is possible to identify that Germany is the main market of AE 

production, with a percentage of 28,9% of the produced vehicles being destined to this country. Outside 

the European continent, China and North America are the most representative destinations.  

Table 1 - Autoeuropa's facts and numbers 
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Figure 2 - Autoeuropa production per destination market 
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2.2.3. Infrastructure and production line 

Volkswagen Autoeuropa is located in Palmela, in an area of 2 000 000 m2, which can be divided into 

three zones: the external warehouse, the industrial park and the factory itself, as can be seen in figure 

3 with green, blue and orange, respectively.  

 

Figure 3 - Autoeuropa's Area with productive zones (PA - Presses, B - Body, P – Painting, A – Assembly)  

The industrial park occupies an area of 900 000m2, in which some of Autoeuropa’s just in time (JIT) 

suppliers are located, as well as some important service providers. In this location, there are some other 

business units, as the Tool&Die, which produces dies for the Volkswagen group. With 18,5 million euros 

-business volume- in 2014, this unit is responsible for 174 employees.  

The AE factory can be divided into four productive zones: Presses, Body, Painting and Assembly, 

identified in figure 4. The production of each vehicle follows the order in which the zones were presented. 

The first step in the process of producing a vehicle is taken in the Press Area, where steel coils are 

received and then cut into sheets/plates, in order to be later stamped. In this area, more than 450 

different parts are produced, diversified by six molding presses and two cutting presses. The largest 

press is denominated Tandem Line, and it is used to fabricate the exterior panels of each car. The press 

area also produces parts for other plants of the Volkswagen Group. 

Final parts coming from the press area then follow to the Body, where they are welded or articulated by 

a very automated system, in three different lines: one for the MPVs, one for the Scirocco and one for 

the EOS – which is currently dismantled. At the end of this zone, the body of the car is finished. The 

next stage is panting, where the bodies are submitted to several “baths” of cleaning and chemical 

treatments for providing them with anti-corrosion characteristics, to then being finally painted in the 

desired color. At last, painted bodies go to the Assembly area, “where the magic happens”. Here, all the 

remaining components of the vehicles are incorporated, such as windows, radios, motors, tires, among 

others. (VW Autoeuropa, 2015) 

When a car arrives at the end of the Assembly Line it needs to be submitted to several tests, in order to 

verify whether it is in perfect conditions for the final customer. As vehicles are approved, they proceed 

to the gate release and then are sold to the brands, which are responsible for their distribution to the 

retailers and transportation to the final destination.  

PA 
B 

P 

A 
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2.2.4. Logistics 

VW AE is divided into seven main organizational areas, depicted in Figure 5.  

Even though each of these areas is fundamental in order to guarantee an efficient activity of the 

company, due to context of the problem, the Logistics area will be more deeply developed.  

The logistics area is a vital link with the outside, through its process of materials acquisition, necessary 

to the success of products. Hence, in general terms, its function is to ensure the supply requirements of 

the manufacturing plant.  

Logistics efforts are towards a more transparent supply chain, costs optimization and reduction of 

delivery times, and, at last, encouraging sustainable practices in its partnerships with clients and 

suppliers. They are in charge of delivering the right part, in the right point of use, at the right moment 

and in the respective package. In order to achieve this goal, the foremost objectives can be listed as:  

- No part missing at the point of delivery 

- No delays in external and internal transportation  

- Total synchronization regarding logistics management of new or altered parts 

- Minimization of emergency management in daily operations 

- Timely delivery of information, to both internal and external Clients.  

- Continuous feedback to clients and suppliers  

- Production in partnership with suppliers through an integrated information network 

- Proactive teams, preventive and prepared for new challenges and unforeseen events 

- Fast adaptation to complex volume/production changes 

- Transparency and integrity of data recorded to logistic systems.  

The Logistics area itself is structured in different divisions, shown on figure 6, with each one having 

different and essential tasks for the development of the logistic activities. A brief characterization of each 

division will be presented in the following paragraphs.  

 

 Logistic planning and Material Handling 

This area is responsible for the activities of receiving trucks, storage of products and feeding of parts 

for the production lines and supermarkets. It is also responsible for the reverse logistics of the 

factory, which means returning empty packages back to suppliers. Most of these services are 

performed under outsourcing by logistics partners  

 

Figure 5 - Logistics Area Organizational Structure 

Figure 4 - Autoeuropa Organizational Structure 
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 Stable production 

This division is responsible for the planning and monitoring of processes related to stability, which 

includes performance indicators that allow the identification of divergences between planning and actual 

production.  

 Supply chain and transports  

The efficient management of the supply chain allows to maximize customers’ perceived value and 

therefore propitiate an increase of global competitive advantages. The goal of this area is obtained by 

having a tight control of the process of material flows from diverse suppliers to the factory. This control 

demands that material and information flows are managed with an increased level of commitment, 

attention and responsibility. 

 Programming, Vehicle Scheduling and Distribution 

This area commitment is to ensure an stable production and totally satisfy clients’ needs, by developing 

the production plan, regularly verifying forecast & release, as well as the orders package, therefore 

controlling every and each step of the vehicle production.  

 Pre-Series Logistic  

The responsibility of this area relies on the coordination and tracking of new parts for each model; 

working cross-functionally with several VW Departments and suppliers with the objective of a fluent 

transition of the pre-series parts to the serial production. Storing and controlling the parts; ensuring that 

the right parts arrive in time and at the right place with a minimum of costs for the pre-series production 

are main objectives of this area. 

 Logistics Planning  

The logistics planning team is in charge of defining processes that guarantee that the right parts are 

supplied in the ideal time, at the exact place and in the right quantities, with the correct packaging, 

allowing an adjusted information flow, with the right equipment and technology, allied with constant 

innovation and a pursue for minimum possible costs.   

The logistics area is in charge of both internal and external logistics, hence being responsible of material 

flows inside the limits of the factory and also all flows with the external entities. These two areas will be 

further explained in the following sections. 

2.2.4.1. Internal Logistics  

The following chapter will describe Autoeuropa’s internal logistic, presenting all material flows inside the 

factory, the related entities and the developed tasks. In order to fulfill the needs of the manufacturing 

line, there are several methods in which products can be supplied, and the arrival of these materials into 

the factory initiates the material flow. Materials for the line can come from the JIT suppliers, the 

warehouse or external supply. The latter indicates that parts are directly fed into the line upon their 

arrival at AE, this methodology relates to special or urgent transportation, and some direct transportation 

relationships. 

When an order for materials is placed, it can be satisfied by the warehouse or by the JIT suppliers, 

according to the part. JIT suppliers have access to orders in real time which allows them to know the 
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current sequence of production, so the parts they supply are already arranged in that specific order and 

can be fed directly into the line, which is known as Just in Sequence.  

Regarding distant suppliers, when parts arrive in AE they are stored in the warehouse, with an average 

stock level of two days. This infrastructure is managed by a logistic partner, accountable for the handling 

of the parts and for the delivery into the plant, when necessary. Parts coming from the warehouse are 

stored in the factory in reduced amounts and in a specific area called supermarket. The concept of 

supermarkets is widely used within AE operations. A supermarket in a manufacturing environment 

follows the concept of a grocery/retail supermarket, since products are placed on shelves or containers, 

clearly identified, so workers can select the ones necessary for the productive stage at that point in time. 

These products can also be placed in an Automatic Guided Vehicle (AGV) which takes them to the line. 

Supermarkets are a decentralized in-house logistics area for intermediately storing parts in direct vicinity 

of the assembly line consuming these parts, which enables a reliable and flexible small-lot delivery of 

parts in line with the basic Just-in-Time (JIT) philosophy (Battini, Boysen, & Emde, 2013). This type of 

storage also reduces and optimizes travel times and routes, as well as allows an efficient utilization of 

the scarce space near the production line.  

As said before, production in AE follows a Just-in-Time (JIT) methodology, which means making "only 

what is needed, when it is needed, and in the amount needed." (Monden, 2012) In order for this to 

possible, it is necessary to create a detailed production plan that includes parts procurement. Thus, the 

suppliers have a fundamental role, particularly the ones in the Industrial Park, since supplying "what is 

needed, when it is needed, and in the amount needed" according to this production plan eliminates 

waste, inconsistencies, and unreasonable requirements, resulting in improved productivity.  

2.2.4.2. External logistics  

External logistics concerns all the logistic activities that take place outside Autoeuropa area. Regarding 

VW AE external logistics, the two crucial points are suppliers and transportation. Due to its importance, 

AE transportation activity characteristics will be addressed in the next subsection.  

Suppliers 

Suppliers are crucial for Autoeuropa’s efficient activity, as they guarantee the production flow and are 

responsible for delivering reliable quality products. Supplier selection is performed centrally, by a 

department of VW Group, in Wolfsburg, and is based on minimization of total costs for the entire Group. 

Currently, the total number of suppliers is 653, being 634 distant suppliers – completing 3 410 part 

numbers - and 19 JIT suppliers – responsible for an overall of 75 modules.  

Figure 6 illustrates the distribution of suppliers worldwide, and even though suppliers are spread all over 

the world, the majority of parts necessary for production come from Central Europe, with Germany 

concentrating a significant quantity of suppliers, as can be seen on Figure 6, which shows the proportion 

of suppliers in each noteworthy country.  

On the other hand, JIT suppliers are located in the Industrial Park, and have instant access to AE 

production sequence, allowing them to produce and prepare the parts to supply to the production line, 

at the right moment.  
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Suppliers can change frequently within a year, whereas it is because of engineering implementations, 

cost reduction, alterations in quantities, among others.  

2.2.5. Transportation 

Transportation services of VW Group are managed by a central department, which selects the transport 

companies and defines the contracts. Selection of companies to perform certain routes is based on a 

bid, in which VW presents the needs for a specified route or load, and several suppliers, already 

approved by the group in terms of reliability, can offer their services, with the least expensive one being 

chosen.  

Within Autoeuropa there are several aspects to be studied regarding Transportation Logistics. Given 

the nature of the problem, in concordance with the previous points, a deeper focus into inbound 

transportation will be taken. In this sense, the succeeding topics will explore transportation modes 

choices at AE, transportation strategies and transportation rates structure.  

2.2.5.1. Transportation Modes 

Although transportation modes include all land, sea and air, ground transportation is the most used, 

which is expectable given the high concentration of suppliers in ground reachable areas. Transportation 

by air is used for some distant suppliers, located for example in Japan or Brazil, and also for some 

punctual urgent situations. Maritime transport represents a small percentage, since it is only used for 

parts supplied from Turkey and Mexico. Five shipping containers arrive each week from this destination.  

Within ground transportation, it is possible to use trains or trucks. AE preferred solution is road transport, 

so Mega Trailer trucks are the most used mean to deliver products to the plant. This kind of truck has a 

capacity of twenty four tons and dimensions of 13,6m in length, 2,45m in width and 3m in height. 

Regarding railway alternatives, AE had a route that connected Germany and Portugal, via Spain. 

However, several complications appeared, since the frontier between Spain and France was constantly 

under construction works. Furthermore, there is a difference between the European and Iberian gauge, 

which also represented a problem. Nowadays, AE is in final negotiations for a new railroad route, 

connecting AE plant to Barcelona, with the objective of delivering the material that is currently being 

carried by regional transportation. In this sense, suppliers from Barcelona and the surrounding cities – 

if close enough to the railway – will only deliver their products regionally to the train station.  

Figure 6- Suppliers' geographical distribution 
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2.2.5.2. Strategies of Transportation 

Regarding railroad transportation, three main strategies can be defined: via consolidation center, 

regional transportation, and direct relations/milk runs.  

 Via Consolidation Center (KCC):  

In this strategy products are forwarded to a consolidation center before following towards their final 

destination. There are two of these centers, which are denoted within the VW Group as Konzern 

Consolidation Center (KCC), both of them located in Germany, in Baunatal and Heillbron, which are in 

the north and the south of the country, respectively. In the consolidation centers, different products from 

different suppliers are aggregated into full trucks which will then carry those products to their final 

destination. This methodology allows to improve the occupation of space, thus optimizing the truck 

capacity and leading to possible reductions in transportation cost of parts.  

Parts from different suppliers are brought to the KCC via regional transporters, which are internally 

known as Gebiet. These companies can pick orders from different factories within the group and then 

deliver those in the KCC, hence optimizing the unitary cost of materials transported. The costs incurred 

in this strategy relate to the regional transporter, the handling at the KCC and the dedicated truck for the 

factory. In addition to this strategy, when it comes to small volumes, of less than 70 kg, the approach 

still includes sending them to the KCC. However, this is performed through an express shipping 

company, like UPS or DHL, since they optimize the trucks and the value of a small volume inside the 

full truck is reduced.  

 Regional transportation:  

This strategy comprehends mostly suppliers located in Portugal, France and Spain, where 

transportation to KCCs in Germany is illogical. It is a type of direct transportation, since products are 

delivered directly to AE production plant. However, it is not considered as Direct Relation internally, 

since products from different suppliers can be combined in the same truck. Furthermore, the transporter 

can have a regional consolidation center, where products are sorted and optimized for the route. The 

cost of this strategy is based on the weight of the materials carried and the distance.  

 Direct Relations and Milk-runs:  

The underlying principle of this strategy is that the volume of product from one supplier – or more - is 

high enough to fill a truck and the parts can be transported directly to AE production plant. When cargo 

from more than one supplier is joined in the direct route, it is known as a Milk Run (MR). In this latter 

scenario, several factors need to be taken into account, since the volume for each supplier needs to be 

respected, nor more nor less, so only reliable suppliers are suitable for milk run strategy. For each Direct 

Relation or Milk Run there exists a transporter normally responsible for the route, which is contractually 

defined, so prices are fixed beforehand and are independent of the transported cargo (since a full truck 

is always contracted)  

Figure 7 presents a distribution of the transportation strategies used by VW AE, in terms of volume, in 

which it is possible to see that Direct Relations and Milk Runs are accountable for the biggest part, 

followed by Regional Transportation and, at last, via KCC. 
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2.2.5.3. Transportation Challenges of AE in Detail  

Transportation is crucial in the inbound logistic activities of AE, as was explained previously. In this 

sense, improvements that may reduce costs and optimize freight movement are always searched for 

and it is precisely in this sense that the challenge presented by AE and the basis of this work arises.  

As aforementioned, the challenge faced by AE regards the optimization of transportation strategies, 

namely concerning the behavior of transportation rates charged by carriers, since it was identified that 

some of the rates structure were not linear and had more of a piecewise structure, with constant values 

for different weight values, and thus it could be possible to take advantage of these behavior and try to 

increase the shipment size and/or decrease the frequency of the shipments, thus reducing the value per 

unit and eventually leading to the suppression of some pick-ups, hence saving the cost of some trips to 

that supplier. Furthermore, there was also the challenge of trying to optimize the decision process for 

the establishment of Direct Relations and Milk-Runs transportation strategies, which lead to lower costs 

when confronted to a regional transportation or consolidation center option.  

Obviously, any kind of freight transportation conditions alteration has profound impacts on the SC and 

on AE internal activities, namely regarding inventory and container rental. Therefore, the consequences 

of every modification should be taken into account under this focus, which will allow to compare possible 

transportation savings against potential cost increases due to inventory build-up.  

Currently, transportation needs are established according to the production plan. The objective, 

specifically for the first challenge to be addressed in the master thesis, would be to take into 

consideration production plans, but having a broader view of transportation improvements and hence 

establishing a way to obtain optimal frequency and optimal shipment sizes that could minimize 

transportation costs and take advantage of the aforesaid rate structure, without compromising demand 

and without incurring into increased stock costs.  

Figure 8 represents two examples of the behavior of the rates charged by a carrier to go to a specific 

supplier and deliver to AE. It is possible to see the aforementioned structure, since, for example, 

between A-A’ and B-B’, in figure 8(a) price is constant, as well as in the whole studied taxable weight 

range for figure 8(b). If a shipment size is between one of the ordinates values, it could be increased in 

order to benefit from this constant behavior, as long as the repercussions in inventory and rental are not 

too costly. The rate structure above is true for regional transportation strategies, and does not follow for 

the remaining strategies, namely direct relations, milk-runs and transportation via KCC.  

Figure 7 - Transportation strategies (per m3) 
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2.3. Chapter conclusions  

The current chapter provided context for the problem under study, with a description of several aspects 

related with AE, starting with its reality as part of the VW group and its history. Then, some 

characteristics of the company were presented, such as its facilities, production strategy, target markets, 

among others.  

Concerning organizational structure, the main focus was into logistics area, due to the paramount 

importance of this part for the problem at hand. Logistic area is composed by six interconnected smaller 

divisions, each responsible for particular processes in both internal and external logistic activities. In this 

sense, the Supply Chain and Transports area, in charge of managing both inbound and outbound 

material flows, is the one into which the present work falls more completely.  

Furthermore, a more specific characterization of the inbound transportation activities was introduced, 

allowing to conclude that when it comes to transportation modes choice, freight is mostly moved through 

road transport, even though railway alternatives have also been increasingly studied. Then, besides 

mode selection, material supply can be accomplished by three different strategies – Direct Relations 

and Milk Runs, Via Consolidation Center, or Regional Transportation. Each of these strategies needs 

to be analyzed and final decisions are taken, with financial motivations, having under consideration 

volume shipped from each of the concerned suppliers, as well as their geographic location.  

To sum, the present work aims to analyze the inbound logistics of AE, thus the supply of raw materials 

and parts, with increased focus on transportation optimization and enhanced decision making, 

incorporating knowledge of specific rate structure, and taking into account a comprehensive approach 

of transportation decisions implications in the supply chain.  

  

Figure 8 - Two examples of identified price structures 
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3. State of the Art  

3.1. Introduction 

With the aim of better understanding the underlying concepts of the problem depicted regarding AE 

supply chain (SC), as well as the integration of transportation and its repercussion in AE logistics and 

cost structure, it becomes necessary to study the existing literature, so to observe how supply chains 

have been evolving, and how models have been developed and optimized for other situations. 

Therefore, in this chapter, some concepts regarding SC are defined, as well as its evolution and 

sustainability.  

An introduction to the type of production and inventory system used by AE is also presented in this 

chapter. Furthermore, more specific research concerning transportation is analyzed, starting with the 

role performed in the SC and ultimately discussing its impact in other areas and how the scientific 

community has addressed transportation decisions.  At last, the most important conclusions from the 

chapter are summarized.    

Sources for the literature review included books, articles in journals and some webpages. Most of the 

items were found through search engines like Google and Google Scholar that would, generally, redirect 

to more specific scientific databases, such as ScienceDirect or Researchgate. Those databases were 

also used as primary search engines, using keywords as: transportation; transportation costs; 

transportation modeling; supply chain and transports; transportation optimization, among many others, 

leading to articles featured in various scientific journals. Physical research was also conducted at local 

and academic libraries.   

3.2. Supply Chain and Supply Chain Management  

For a surprisingly amount of time, most firms have focused their attention on the effectiveness and 

efficiency of separate business functions within their company and out of it, hence the lack of 

connectivity among these functions, that can lead to sub-optimal organizational goals and create 

inefficiency by duplicating organizational efforts and resources.  

Today, individual firms no longer compete as independent entities with unique brand names, but rather 

as integral parts of a network. As such, the ultimate success of a firm will depend on its managerial 

ability to integrate and coordinate the intricate network of business relationships necessary to deliver 

products to customers (Lambert & Cooper, 2000). 

3.2.1. Supply Chain Definition 

Different authors present diverse definitions, found in the literature, that intend to explain the Supply 

Chain concept.  

In shorter words, Ballou (2004), states that the term supply chain refers to all of those activities 

associated with the transformation and flow of goods and services, including their attendant information 

flows, from the sources of raw materials to end users. 
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According to Chopra & Meindl (2007), a supply chain consists of all parties involved, directly or indirectly, 

in fulfilling a customer request, as well as all the functions necessary in this task. The supply chain 

includes not only the manufacturer and suppliers, but also transporters, warehouses, retailers, and even 

customers themselves. A supply chain is dynamic and involves the constant flow of information, product, 

and funds between different stages. 

Min (2015) refers to supply chain as an integrated system that synchronizes a series of interrelated 

business processes in order to: create demand for products; acquire raw materials and parts; transform 

these raw materials and parts into finished products; add value to these products;  distribute and 

promote these products to either retailers or customers; facilitate information exchange among various 

business entities (e.g., suppliers, manufacturers, distributors, third-party logistics providers, and 

retailers). Furthermore, a supply chain is traditionally characterized by a forward flow of products and a 

backward flow of information. 

While supply chains have existed for a long time, most organizations have only paid attention to what 

was happening within their boundaries. Few businesses understood, much less managed, the entire 

chain of activities that ultimately delivered products to the final customer. The result was disorganized 

and often ineffective supply chains. To capture the synergy of cross-functional and cross-organizational 

integration and coordination transversely to the supply chain and to subsequently make better strategic 

decisions, it is extremely important to plan, control, and design a supply chain as a whole.  

In this sense, Supply Chain Management (SCM) is the set of approaches utilized to efficiently integrate 

suppliers, manufacturers, warehouses, and stores, so that goods are produced and distributed at the 

right quantities, to the right locations, and at the right time, in order to minimize system wide costs while 

satisfying service level requirements (Simchi-levi, Kaminsky, & Simchi-Levi, 2008). SCM represents a 

conscious effort by the supply chain firms to develop and run supply chains in the most effective & 

efficient ways possible. The inherent activities cover everything from product development, sourcing, 

production, and logistics, as well as the information systems needed to coordinate these activities. 

Though Simchi-Levi, Kaminsky, & Simchi-Levi. (2008) seem to provide a solid definition of SCM, there 

is not absolute consensus regarding this concept, and different explanations can be found in the 

literature, however all definitions seem to pinpoint that Supply Chain Management refers to the 

integration of key business processes, both internal and external to the firm, from end-users through 

original suppliers that provide products, services, and information and add value for customers and other 

stakeholders.  

As explained above, a SC is a network of interrelated entities that collaborate in order to provide products 

to customers. SCM is, then, the management of those entities in the best possible way, with the goal of 

obtaining significant benefits. In this sense, a brief description of what are the main goals of a SC and 

the potential of an efficient SCM is presented below. 

In a crude way, the traditional objective of a Supply chain, according to Shapiro (2006) is to minimize 

total supply chain cost to meet fixed and given demand. This total cost may include a number of terms 

such as raw material and other acquisition costs; inbound transportation costs; facility investment costs; 

direct and indirect manufacturing costs; direct and indirect distribution center costs; inventory costs; 
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inter-facility transportation costs; and outbound transportation costs. However, this total cost 

minimization should be performed whilst maximizing, simultaneously, the overall value generated - in 

the form of deliveries, revenues, return on investment, service level, among others – thus increasing the 

difference between what the final product is worth to the customer and the costs the supply chain incurs 

in filling the customer's request, which ultimately leads to higher profitability (Chopra & Meindl, 2007) 

Nowadays, supply chain is a concept that seems to be broadly embraced by the business community, 

and there is an agreement that supply chains’ main objective is to enhance the operational efficiency, 

profitability, and competitive position of a firm and its supply chain partners, which can in the end 

translate into a sustainable competitive advantage, as top companies have come to realize that the true 

competition is not between firms, but between their supply chains (Christopher, 2011). Therefore, the 

efficient management of the different links that form a supply chain offers significant potential to 

customers and firms within that chain, namely concerning both cost and service synergies, as well as 

strategic advantages.   

3.2.1.1.  Evolution  

The term supply chain management can be traced back to the 1980s, but it was not until the 1990s that 

it captured the attention of managers in various organizations, since they started to recognize the 

potential impact SCM could have in competitiveness and eventually in market share and value (Coyle 

et al, 2011). However, it can be argued that SCM is not that new of a concept, and that it actually 

represents the evolution of an idea that started before.  

Before the 1950s, logistics was thought of in military terms. It had to do with procurement, maintenance, 

and transportation of military facilities, material and personnel. Although a few authors before this time 

began talking about trading one cost for another, the organization within the typical firm around the 

activities currently associated with logistics was fragmented. Fragmentation, as stated before, leads to 

sub-optimal results and conflicts among activities. This could have been caused because there was no 

key understanding regarding cost trade-offs; tradition and conventions were too ingrained; other areas 

were given more importance; among others. (Ballou & Gilbert, 2000). Gradually, the benefits of 

eliminating fragmentation were clear and companies began to integrate their approaches.  

Later, in the 1960s, the concept of physical distribution begins to emerge as an area of study and 

practice, which focused on the outbound side of a firm’s logistic system, i.e. the distribution related 

activities that occurred after a product was produced (Coyle et al., 2011). For the years that followed, 

the emphasis was on the firm’s outbound movement of goods. Afterwards, the scope expanded and it 

began to include physical supply, and so the concept of business logistics – or integrated logistics - was 

born (Ballou, 2006). For firms, it became increasingly apparent that coordination between the outbound 

and inbound dimensions of logistics systems provided an opportunity for increased efficiency and also 

better levels of customer service (Coyle et al., 2011).  

Although a broad scope for physical distribution and logistics was progressively taking place, the focus 

was, still, on coordinating among the activities within the function, with little emphasis on matching the 

other functions within the firm or among external channel members. This limited application of a much 
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broader scope probably had to do with technological limitations of information systems at the time and 

the difficultly of managing across areas of responsibility.  

Scholars and practitioners struggled with a definition for the new integrating field, and then the concept 

of Supply Chain Management emerged around the 1990s (Coyle et al., 2011). The name took the 

logistics area by storm, with so many in various business fields embracing it and seeing activities of their 

areas imbedded in it (Ballou, 2006). Yet there was little consensus regarding whether supply chain 

management was a new and bold concept or merely the fulfillment of the activity integration promise 

that was already implied in early definitions (Ballou, 2006). For those who acknowledge SCM as 

evolutionary a diagram, like figure 9, depicts the evolution of SCM. 

 

Figure 9 - Evolution of Supply Chain Management. Adapted from Ballou (2006) 

As years have gone by, there has been also an attempt to distinguish logistics from supply chain 

management, declaring logistics to be a subset of SCM. Definition for SCM was presented in the 

previous sections, and the Council of Supply Chain Management Professionals defines logistics to be 

“the part of SCM that plans, implements, and controls the efficient forward and reverse flow and storage 

of goods, services, and related information between the point of origin and point of consumption in order 

to meet customer requirements”. Therefore, SCM is viewed as managing product flows across multiple 

enterprises whereas logistics is seen as managing the product flow activities just within the firm. From 

that point until today, several trends have been gain importance and have deeply influenced the way 

SC are managed and designed, as will be explained subsequently.  

On one hand, the worldwide economic growth has given rise to a vast consumption of goods, while 

globalization has led to a large stream of goods all over the world. The production, transportation, 

storage and consumption of all these goods, however, have created large environmental problems. 

Today, global warming, created by large scale emissions of greenhouse gases, is a top environmental 

concern (Dekker, Bloemhof, & Mallidis, 2012).  



18 
 

These increased concerns towards environment preservation, for stakeholders and customers, have 

reflected deeply into the business environment and have led to the need of incorporating activities that 

aim to achieve sustainable operations throughout the SC, resulting in a more comprehensive focus.  

In the sense of integrating adequate environmental management into supply chains and its activities, 

the concepts of green logistics and green supply chain management (GSCM) have emerged, 

respectively with the aim to reduce the environmental externalities of logistics operations and hence 

develop a sustainable balance between economic, environmental and social objectives and, on the 

other hand, GSCM as a chain of companies whose internal processes and activities are environmentally 

sustainable and that collaborate in green programs to achieve sustainability over the SC. (Green 

Logistics, 2016).  

Thus, whether driven by current legislation, public interest, or competitive opportunity, it is possible to 

observe that increasing consideration is given to the convergence of supply chains and sustainability. 

In doing so, the focus on environmental management and operations is moved from local optimization 

of environmental factors to consideration of the entire supply chain during the production, consumption, 

customer service and post-disposal disposition of products. Though the focus in SC is a step towards 

the broader adoption and development of sustainability, this concept also must integrate issues and 

flows that extend beyond the core of supply chain management: product design, manufacturing by-

products, by-products produced during product use, product life extension, product end-of-life, and 

recovery processes at end-of-life (Linton, Klassen, & Jayaraman, 2007). 

Several authors have studied the relationship between green supply chain management practices and 

company performance (see A.B.L.d.S. et al, 2015), however, results have been inconclusive and, so, 

the lack of a clear connection between GSCM adoption and improved performance, whether it is 

environmental, economic or operational, has become a barrier for companies seeking to justify the 

implementation of GSCM.  

Nevertheless, whether by choice or necessity, this growing trend has led to the appearance of new ways 

to look at the SC, and two types of structures can be considered regarding this issue: reverse supply 

chains and closed loop supply chains (Cardoso, Barbosa-póvoa, & Relvas, 2013). A reverse supply 

chain is the series of activities required to retrieve a used product from a customer and either dispose 

of it or reuse it, which is typically achieved through processes such as repair, remanufacturing and 

recycling. On the other hand, a supply chain in which forward and reverse supply chain activities are 

integrated is called a closed-loop supply chain.  

Altogether, as stated in Barbosa-Póvoa (2014) the concept of sustainable SCs has recently gained a 

prominent importance as companies are facing the challenge of dealing with sustainable issues caused 

by increased societal problems. Forthwith, the aforementioned concept can be described as “operational 

structures that manage raw materials and services from suppliers to customers and back accounting for 

the explicit inclusion of social and environmental impacts” (Barbosa-Póvoa, 2012).  

On the other hand, today’s competitive, fast-moving business environment has irrevocably changed the 

supply chain and the management of its functions as traditional know, as some of the points previously 



19 
 

referred have shown (Ladd, 2004). In this sense, one of the changes is the shift from a supply chain 

perspective into a supply network approach.  

Traditional thought about the supply chain is as a linear set of handoffs from one link in the chain to the 

next, like a relay race. The smoother the handoffs, the more efficient the chain (Trebilcock, 2004). 

However, this traditional “chain” of sourcing/production/distribution linked in a linear and simple fashion 

is no longer a reality given the complicated and global rate at which business is now conducted.  

The new approach to SCM means that companies must find a way to improve communication and 

information flow, thereby converting the traditional supply chain into a flexible and real-time supply 

network. The rationale behind it is that this network approach will allow manufacturers to realize a 

holistic, responsive and flexible management of a network of supply chain resources that improve 

production and increase profitability (Ladd, 2004), since there are a lot more conversations – suppliers 

may not only be talking to customers but also to other suppliers; more visibility about what’s going on at 

any given point in time; and the ability to truly optimize across processes and not just within silos. The 

handoffs are not just linear, like in a relay race; the handoffs are happening all over the network of 

suppliers, plants and distribution centers, logistics providers, and customers.  

The benefits expected from a network structure relate to inventory reduction; drops in stock outs; 

improved on-time delivery; reduced cycle times; improved supplier payment process and reduced 

operational expenses (One Network Enterprises, 2015). Even though there are numerous 

improvements and advantages to be harvested from a network structure, traditional supply chain 

systems and business processes are often far afield of the newer thinking; since the dream of a "supply 

network" is expensive and difficult to implement.  

In sum, more than fifty years have seen physical distribution, business logistics and supply chain 

management go from individually managed activities to an integrated set of processes managed across 

multiple echelons of a product supply chain. Not only has managing SC costs become more important, 

but SC strategy can also highly contribute to the revenues of the firm. SCM is the basis for a firm’s 

competitive strategy, and the efficient management of the SC needs to increasingly turn into green and 

sustainable processes that allow the company to innovate and advantageously position its firm in the 

demanding society its activities develop (Ballou, 2006). 

3.3. Supply Chain and Just in Time Production System  

With AE being a car manufacturer, its core activity is based on production, and thus it becomes relevant 

to characterize the productive environment, since production systems include not only strategies that 

greatly impact logistic processes and decisions, but also have specific goals, constraints and 

requirements regarding stock build-up, line feeding systems, supply frequencies, among others. AE 

productive system is a Just in Time (JIT) approach, which is currently used by most car manufacturers 

worldwide and was originally implemented by Toyota. This way of producing highly influences supply 

chain as materials need to be handle in the right quantities at the right time and in the right location so 

as to reduce waste while minimizing costs. 
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JIT is a production and inventory control system in which materials are purchased and units are 

produced only as needed to meet actual customer demand, this is known as a pull system of production, 

so actual orders provide a signal for when a product should be manufactured.  

When companies adopt a JIT manufacturing and inventory control system, the intent behind this system 

is to avoid the waste that would otherwise arise from the excessive storage of inventory and the 

overproduction of goods. The result is a streamlined system that minimizes the investment in working 

capital, while also minimizing inventory obsolescence and production scrap (Accounting tools, 2016). 

JIT approach can be used in both manufacturing and merchandising companies. However, it has the 

most profound effects on the operations of manufacturing companies which maintain three classes of 

inventories: raw material, work in process, and finished goods. Traditionally, manufacturing companies 

have maintained large amounts of all three types of inventories to act as buffers so that operations can 

proceed smoothly even if there are unanticipated disruptions. While these inventories provide buffers 

against unforeseen events, they have a cost. In addition to the money tied up in the inventories, experts 

argue that the presence of inventories encourages inefficient and sloppy work, results in too many 

defects, and dramatically increases the amount of time required to complete a product. 

In this sense, the main benefits of just in time manufacturing system are: 

 Improved organizational efficiency, due to the elimination of waste and improvement of quality, 

related to the synchronization of supply with production and this with demand, as well as the 

elimination of redundant tasks, minimizing transportation and a relentless effort to achieve better 

product quality.  

 Reduced costs, directly linked to the elimination – or reduction - of raw material, inventory and 

product storage costs. Deploying funds tied up in raw materials and inventories generate additional 

revenue and costs savings can translate into a lower manufacturing price for the product. 

 Improved supplier relationships. The benefit of JIT depends on the ability of the supplier to 

produce raw materials on demand, so an effective communication system must be developed to 

eliminate all scope of misunderstandings or miscommunication. Also, long-term relationships are 

more easily fostered and leads to the reduced need for inspection of received goods.  

 Facilitated customization and increased customer satisfaction, due to the adjustment of 

production to demand, which makes possible to fulfill custom orders without high complexity 

impacts.   

Despite a number of motivating advantages is important to take into consideration some drawbacks and 

implications that JIT might have in the SC.  On one hand, JIT basilar need sets on a close relationship 

with suppliers, developing long-term partnerships with the ultimate goal of having single-source 

suppliers who provide certified quality material while continuously reducing costs. However, it might take 

a long time to build on these relationships and current suppliers may be unreliable and/or gain excessive 

bargaining power. Furthermore, a single-supplier approach can jeopardize the whole SC whenever 

accidents or mistakes occur. Moreover, JIT approach encourages transportation in small and frequent 

deliveries, not demonstrating a clear concern with transportation prices, which are likely to reduce 

proportional to the increase of shipment sizes.  
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Additionally, and one of the most preoccupant situations, is the decreased capacity of the business to 

react to massive unexpected orders, due to the lack of stock finished goods. In the same manner, the 

absence of raw materials inventory can force the production line to stop, impacting greatly the value 

chain and ultimately damaging the reputation of the company.  

Through time, the idea of JIT has originated other concepts, and as the automobile industry continued 

to innovate and cars became increasingly more customized, Just-in-Sequence (JIS) production arouse, 

characterized by an increase in supplier role, by not only ensuring that the necessary modules are 

delivered in time in the necessary quantity, but also that the sequence of the modules is aligned with 

production sequence (Siemens, 2016). JIS allows assembly workers to get the right item quickly, without 

having to sort through large and heavy parts, and thus transferring the cost of getting parts in the correct 

sequence to the supplier. Is important to remark that JIS is one of the most challenging applications of 

the JIT concept.  

To conclude, JIT, as well as their evolutions and adaptations, has profound effects on supply chains 

and related logistic systems and requires the close coordination of demand needs among different 

functional areas, yet it represents a significant opportunity for the organization’s success, by reducing 

inventory and its inherent costs, leading to tremendous benefits in terms of operational efficiency and 

total cost reduction. Nevertheless, it has very demanding and complex requirements, so companies 

need to tailor to their business. Also, the close control of suppliers and the high degree of reliability 

necessary must be clearly taken into account.  

3.4. Transportation in Supply Chain 

Transportation means are fundamental in every society, since people and products need to constantly 

commute from and to different points. Countries need good transportation connections in order to boost 

commerce and economic growth, leading to the creation of employment and prosperity. Clearly, 

transportation networks are essential for every supply chain and constitute the basis of any economic 

structure, by allowing the efficient distribution of goods (European Commission, 2014).  

With the focus on supply chains, transportation logistics will be further analyzed in this section. First, the 

fundamental role of transport will be explained, followed by the characteristics of different transportation 

modes from which a company can choose. Then, more specific issues regarding the trade-offs that need 

to be taken into account when designing a transportation network, as well as the costing methods and 

inherent risks in transportation planning will be addressed, in order to fully cover the topics that affect a 

transportation logistics decision and management.   

3.4.1. Transportation Role and Decisions in Practice  

Transportation is one of the most structuring activities of Logistics and it’s responsible for a big share of 

the logistics costs, around one to two thirds (Ballou, 2006). One of logistics biggest points of focus is 

precisely the movement of physical material flows, whatever they are, across the network. Thus, the 

selection of transportation modes, the contracting of transportation services providers and the 

contractual management of those providers, whichever materials they are supposed to transport, is 

critical in terms of Logistics activities. Furthermore, the planning of transportation routes, the choice of 
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vehicles and the slotting activities are also in the scope of the transportation logistics and transportation 

management (Crespo de Carvalho, 2010). 

Moreover, the weight of transportation in the logistics cost structure has increased due to some recent 

developments in the SC, namely related to globalization, product specialization, reduction of cargo sizes, 

reduction of stock points, among others. The goal of making the SC more agile also transfers a big share 

of the costs to the transportation sector, while trying to decrease costs in inventories and warehouses.  

With transportation being so essential in a SC, it cannot be managed in an isolated manner, since 

options about the mode and the type of transportation solutions have a significant impact in the cost 

structure and in the company’s ability to react to demand, as well as noteworthy repercussions 

throughout the whole SC, which can improve or compromise, at last, customer satisfaction. Only a good 

coordination between each component would bring the benefits to a maximum (Tseng, 2005). 

According to Chopra and Meindl (2007) there are some key points to focus on when planning 

transportation activities and managing them, that go into a further level of broadness in the firm and in 

the SC. First, it is crucial to align transportation strategy with competitive strategy. In this sense, 

managers should ensure that a firm’s transportation strategy supports the strategy defined for the 

company. Historically, the transportation function within firms has been evaluated based on the extent 

to which it can lower transportation costs, however this individual focus leads to decisions that lower 

transportation costs, but can dampen the level of responsiveness and the service level provided to 

customers, so firms need to define their priorities. Secondly, managers should consider both in-house 

and outsourced transportation, at the appropriate combination to meet their needs. This decision should 

also be based on the firm’s ability to handle transportation profitably, as well as the strategic importance 

of transportation to the success of the firm. Generally, outsourcing is a better option when shipment 

sizes are small, whereas owning the transportation fleet is better for large shipments and when 

responsiveness is important. Moreover, managers must use information technology to decrease costs 

and improve responsiveness in their transportation networks. Software can help managers do 

transportation planning, modal selection, and build delivery routes and schedules. Furthermore, 

available technology allows carriers to identify the precise location of each vehicle, the shipments the 

vehicle carries, and to communicate with each vehicle in their fleet.  At last, when designing 

transportation networks, managers should design flexibility into the transportation network, to take into 

account uncertainty in demand as well as availability of transportation. Networks that are designed 

ignoring uncertainty rely on transportation modes that are inexpensive and inflexible but perform well 

under normal conditions, however they perform very poorly when plans change. If managers account 

for uncertainty they are more likely to include more flexible modes of transport, though they might be 

more expensive for a particular shipment, allowing the firm to reduce the overall cost of providing higher 

responsiveness levels.  

In sum, transportation is the glue that holds the supply chain together, and that allows the member 

organizations to operate efficiently and effectively as a system (Coyle et al, 2011). Transportation 

decision making and specific topics that transportation managers should consider will be further 

addressed in this document. 
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3.4.2. Transportation Modes and Characteristics 

One of the biggest concerns and decisions regarding transportation planning has to do with the means 

of transport, which is a fundamental decision within the SC. The importance and complexity of this 

decision increases when international movement of products is involved. Decisions are based, in last 

instance, on the balance between transportation service costs and the service quality. In order to 

comprehend this balance, operational nature factors must be taken into account as well as the 

characteristics of each transportation mean, among others.  

Basic transportation modes are air, road, railway, maritime and inland waterway, and pipes and 

pipelines. Transportation services can assume a variety of forms, whether using exclusively one mode 

or a combination of several. In order to compare different modes, the fundamental characteristics of 

each should be taken under consideration, since they translate the performance of the different 

alternatives. Main characteristics are presented below (Crespo de Carvalho, 2010).  

 Price: costs related to transportation services are highly influenced by the mode of transport 

involved. This costs include goods movement, as well as other costs regarding product handling in 

operations of loading/unloading, possible losses or damages, and costs related to inventory in transit.  

 Transit time and variability: average speed associated to a specific mean of transportation strongly 

determines the average transit time, which is the average time it takes to move goods from the point 

of origin to their point of end. On the other hand, transit time variability is associated with the 

uncertainty of the transportation system and it reflects the vulnerability of the different modes to 

unexpected factors, such as climate conditions, traffic congestion or to operational factors in 

collection, delivery, transshipment and cargo movement activities.  

 Flexibility: refers to the transportation mean capacity to establish a direct connection between any 

pair of points within a network. This is critical in terms of performance, since it avoids the need for 

further handling in transshipment operations, thus reducing time and money.  

 Capacity: relates to the possibility to move any kind and size of goods. The nature of the product to 

be moved, its weight, density and dimensions are decisive in the choice of the type of transportation. 

 Frequency: translates the regularity with which a certain transportation system accomplishes the 

connection between two points in the network, and can have a very significant impact in terms of the 

stock/transportation trade-off that will be later explained.  

 Losses and damages: risk is always associated, to some extent, to the transportation operation that 

go beyond the risk of delays. Cargo misplacement and damages vulnerability are also very sensitive 

issues when it comes to deciding which transportation mode to use.  

In Table 2 the main characteristics of the different modes of transportation are summarized. The 

transportation mode choice has to do with the selection of the most suitable transportation system to a 

certain cargo, considering the various factors as the characteristics of the different modes as presented, 

the characteristics of the products and the context in which the transportation arises. Also, it is important 

to mention that a mode choice is not necessarily singular, as modes can be combined to perform freight 

movement, thus obtaining and intermodal transportation, which is becoming an extremely popular 

transportation arrangement and can increase efficiency and convenience (Wisner et al, 2012).  
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However, basing decisions merely on the previous characteristics is not enough. As stated before, the 

efficient management of a SC forces the adoption of systemic and integrated approaches, which means 

that the various activities should be seen as elements of a system, and therefore should not be studied, 

analyzed and optimized individually, but rather having under consideration the interactions between 

every element. In transportation management, there are some key trade-offs that require attention.  

 

3.4.3. Transportation trade-offs 

Transportation and inventories - Transit time, as said, is one of the most important features of a 

transportation mode, and is strongly conditioned by its average speed. Transportation time of goods has 

an increased impact on inventory, whether it is inventory in transit, cycle inventory or safety stock. Thus, 

transportation decisions should always incorporate the influence it has on stock costs. Usually, faster 

transportation methods are more expensive but require lower levels of stock, contrary to cheaper modes 

which usually have high transit times and require high cargo levels, increasing stock. In order to make 

a decision, holding costs need to be confronted with transportation costs, for example, if a product has 

a high value – and therefore higher holding costs – perhaps a faster transportation method can lead to 

significant savings in the total value of global costs. Variability regarding transit time also leads to the 

increase of safety stock, and consequently costs (Crespo de Carvalho, 2010). 

Time versus space - Also, frequency is one of the most relevant and impactful characteristics, with great 

importance in costs. As a matter of fact, a high supply frequency shows a great response capacity from 

the supplier, but can translate into higher transportation costs – more travels, lower occupation of 

vehicles. On the other hand, with less deliveries, cargo could be consolidated and full loads could be 

fulfilled, maximizing space utilization in the vehicle and lowering transportation costs. Space availability 

MODE  STRENGTHS LIMITATIONS PRIMARY ROLE
PRIMARY PRODUCT 

CHARACTERISTICS
EXAMPLE PRODUCTS

Accessibility Limited capacity High value finished goods Food 

Truck Fast and versatile High cost Low volume Clothing 

Customer Service Electronics

Furniture

High capacity Accessibility Raw materials Coal/coke 

Rail Low cost Inconsistent Service High volume Lumber/paper

Damage rates Grain 

Chemicals 

Speed Accessibility High value finished goods Computers 

Air Freight protection High cost Low volume Periodicals 

Flexibility Low capacity Time sensitive Pharmaceuticals 

B2C deliveries

High capacity Slow Low value Crude oil

Water Low cost Accessibility Raw materials Ores/minerals

International capabilities Bulk commodities Farm products 

Containerized finished goods Clothing 

Toys

In-transit storage Slow Low value Crude oil 

Pipeline Efficiency Limited network Liquid commodities Petroleum

Low cost Not time sensitive Gasoline

Natural gas

Move large domestic 

shipments via rivers, 

canals and large 

shipments of 

international freight 

Move large volumes of 

domestic freight long 

distances 

Move smaller shipments 

in local, regional and 

national markets 

Move large shipments of 

domestic freight long 

distances

Move urgent shipments 

of domestic freight and 

smaller shipments of 

international freight 

Table 2 - Summary of transportation modes' characteristics Adapted from Coyle (2011) 
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in the destination facilities is also one factor that needs to be considered when deciding transportation 

modes and consequent shipment sizes (Crespo de Carvalho, 2010). 

In sum, a trade-off between responsiveness and costs (transportation, inventory, space, among others) 

must always be evaluated. 

3.4.4.  Transportation Risks  

Given the fact that transportation is such a key activity within the SC, any problems that may arise 

regarding this stage can cause major repercussions for the firm, as well as for everyone involved in the 

subsequent SC points.  Each one of the carriers, responsible for transporting goods from one point to 

another of a network, creates the possibility of SC disruption, unwanted liability and, worst case 

scenario, damage to the firm’s reputation, in case they fail to perform as promised.  

Thus, risk identification becomes an integral part of transportation planning and, specially, management, 

since it involves continual improvement in decision making and daily control of cargo. It is basilar to 

recognize possible risks, and what they might provoke in order to manage, reduce, transfer or eliminate 

potential threats to SC’s success (Coyle et al, 2011).Though perils of transportation are many and 

varied, Chopra and Meindl (2007) listed three general types of transportation risks: risk that the shipment 

is delayed; risk that the shipment does not reach its destination because intermediate nodes or links are 

disrupted by external forces and the risk of hazardous material. This list also meets Coyle’s (2011) 

perspective, though the author details potential problems into six primary categories of risk: product 

loss (pilferage, shipment jettison, piracy and hijacking), product damage (caused by equipment 

accidents, poor freight handling, improper equipment loading), product contamination (caused by 

climate control failure, product tampering, contaminant’s exposure), delivery delay (the incapacity to 

meet scheduled time windows), SC interruption (problems that fall outside of the company’s control, 

like carrier bankruptcy, labor disruptions, etc.) and security breaches (lack of protective measures that 

facilitate access to cargo, the increase of terrorist attacks and organized crime). 

Clearly, there is a wide array of problems that can occur as freight is being transferred from one supply 

chain partner to another, so companies need to work on avoidance and mitigation strategies. Chopra 

and Meindl (2007) point out some mitigation measures that managers can implement in order to diminish 

transportation risks impacts, like moving inventories closer to destination, using alternative lanes, 

building a lead time buffer, designing a network with multiple routes to the destination and changing 

according to needs, minimizing probability of exposure and damage by using modified containers and 

low-risk transportation modes, providing proper handling training and increased security conditions.  

Managers can indeed foresee problems and take the appropriate measures in order to avoid 

consequences; however there are many issues transportation planners cannot anticipate that relate to 

other partners within the SC. Hence, appropriate carrier selection is likewise one of the most important 

points regarding transportation decision making. There must be an effort to collect information regarding 

potential carrier’s performance history, in order to guarantee that they can deliver as planned and meet 

the requirements established. (Regan & Regan, 2016)  
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To sum up, risk is a never-ending challenge, and organizations must establish a repetitive, measurable, 

verifiable risk monitoring process to remain focused on existing and emerging transportation disruptions 

(Coyle et al, 2011). 

3.4.5. Transportation Costs 

A transportation service involves the utilization of different types of resources and, consequently, implies 

several kinds of costs. The greater the knowledge a manager has regarding vehicle fleet performance, 

the better it can be efficiently managed, allowing identification and timely problem solving, as well as 

decision making (Crespo de Carvalho, 2010). Given the importance of transportation activity in the SC, 

the costs it accounts for are also very significant in the overall costs. In fact, it is not uncommon for 

transport costs to account for 10 percent of the total cost of a product (Rodrigue et al., 2013). Thus, the 

choice of transportation mode to route freight between origins and destinations becomes important and 

depends on a number of factors that will jointly define transportation costs.  

Though costs, rates and prices are commonly used as synonyms, there are differences between the 

terms in literature. Rodrigue et al. (2013) define transport costs as “a monetary measure of what the 

transport provider must pay to produce transportation services”. On the other hand, the same author 

establishes that “rates are the price of transportation services paid by their users. They are the 

negotiated monetary cost of moving a passenger or a unit of freight between a specific origin and 

destination”.  Nevertheless, some other authors defend that the concept of rate is subject to a more 

regulated perspective, that came from the regulation imposed in the US prior to the 1980s and, therefore, 

the term price, now, encompasses a clearer notion of value and a more dynamic economic environment 

(Coyle et al, 2011). Yet, for the remaining work the terms rate and price will be used as synonyms.  

In this sense, for freight transportation, rates are subject to competitive pressure, which means that they 

will be adjusted according to carrier supply and customer demand. The difference between costs and 

rates, either results in a loss or a profit for the service provider. Evidently, transportation services incur 

in several costs, as labor costs, fuel, maintenance, roads, administrative costs and others. That mix of 

costs can be divided into variable costs, which are a function of the level of activity in a determined 

period, and fixed costs, that do not depend on the volume or activity level.  The allocation between 

fixed and variable costs is not completely precise, since there are important cost differences between 

transportation modes and there can be different distributions, according to individual managerial 

perspectives. Beyond the problem of deciding whether a cost is fixed or variable, there is also the 

difficulty of determining what the real costs for a particular shipment are. This struggle arises because 

several transportation costs are indivisible (Ballou, 2004). 

Some of the most significant conditions affecting transport costs, and consequently prices, are: shipping 

distance, dimensional shipping weight/volume, the mode of transportation, and the quality of services in 

terms of speed, accessibility, reliability, frequency and punctuality. Also, geography, type of product, 

economies of scale, energy, trade imbalances, infrastructures, mode, competition and regulation and 

surcharges (Rodrigue et al., 2013).   

Between all of these pricing factors, the most dominant are: distance and volume. These two factors are 

consensual throughout literature, though there are authors who defend the addition of factors like 



27 
 

demand (Ballou, 2004), the category of product – since it can lead to increased handling needs and 

special containers or vehicles (Min, 2015) and the return trips – which in case they are empty can highly 

increase the costs for the transport provider. Firstly, distance contributes directly to variable costs, hence 

costs usually increase in a proportional manner with the travelled distance. In transportation modes 

where variable costs are more significant than fixed costs, this factor will deepen the gap between them 

and further intensify price growth with covered distance (Crespo de Carvalho, 2010). Secondly, when it 

comes to distance, there can be some differences in rates profiles, since they can be uniform, 

proportional, gradual or general (Ballou, 2004). Uniform tariffs imply that the same price is charged for 

any origin-destination pair of points independent of distance (figure 11 (a)). Proportional tariffs offer an 

agreement between the simplicity of uniform tariff and service costs, by knowing only two price points, 

the remaining are obtained by linear extrapolation (figure 11(b)). Gradual structures follow cost 

structures and thus show an increase with distance in a decreasing/logarithmic way, so as distances 

increase prices increase at a lower rate, due to the distribution of costs through more kilometers (figure 

11 (c)). General rates are simple rates that cover a wide geographical area in origin, destination or both 

and are equal for points in that covered area. (Ballou, 2004) 

 

Regarding volume, the cost of a transportation service depends of the transported cargo dimensions. 

Transportation industry economies demonstrate that cost structures are, generally, translated in 

economies of scale: the cost of transportation per unit of volume decreases with the increase of volume 

as a result of the dilution of costs regarding cargo, delivery, administrative, among others. Volume can 

also be translated into rates in different ways, depending if the shipment is equivalent to less than a 

truck load (LTL) or to a full truck load (FTL), with the first type being charged according to the volume of 

the cargo and the second as a standardized value for the full vehicle (Ballou, 2004).  

Having under consideration the aforementioned variables, a transportation price can be ultimately 

determined by two principles: cost-of-service pricing, thus covering the total amount of variable costs 

related to a particular shipment, plus a proportional share of fixed costs and a reasonable profit margin 

(Min, 2015); or value-of-service pricing, in which prices are estimated based on market value, with 

particular sensitivity to market competition and type of product. (Rodrigue et al., 2013) 

In sum, transportation prices can be set by carriers in many different ways, and in order to determine an 

optimal price that is fair to both carriers and shippers, transportation cost elements should be identified 

and estimated, and the transportation price should be negotiated between the carrier and the shipper 

(Min, 2015). Since transportation costs, for shippers, is such an important area in transportation 

Figure 10 - Rates profiles example. Adapted from Ballou (2004) 
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management, managers must have as much understanding of the market dynamics as possible, as well 

as all necessary information that can add negotiation leverage.  

3.4.6. Transportation Network Design 

As stated before, transportation is one of the most critical areas to overall logistics and SCM, and an 

efficient design and management of transportation activities is crucial for the proficient performance of 

the supply chain and for the success of all logistics related activities, as inventory and manufacturing 

itself. Transportation network managers must take several points into account, some of which have been 

further explored previously in this document. When it comes to supply chain planning and decision 

making, there are different levels at which decisions are taken, which allows to establish a classification 

according to the time horizon they pretend to cover in three hierarchical levels: strategic, tactical and 

operational, ranging from long-term to daily operations, respectively. Transportation decisions can 

include an array from the upper classification, as initial transportation decisions are seen as strategic, 

with a broader focus on the overall supply chain transport system and then the decision-making scope 

becomes increasingly operational in nature, focusing on activities that implement the overall system 

decisions (Stank & Goldsby, 2000).In general, transportation modelling and network design and 

decisions face some commonly encountered problems, as following:  

1. Mode selection: explains the allocation of a given total freight transport demand in an area over 

the available transport modes (Tavasszy & Jong, 2014), since usually there are alternative modes 

available to move shipments between any two points in a network and the selection of the best 

mode to transport a specific shipment is based on a number of factors that characterize each of 

them – as detailed in section 3.4.2. – as well as handling requirements and other requirements the 

company may have. Some methods to select the most appropriate mode are factor analysis, 

weighted factor analysis and analytical hierarchical process. Models can vary in complexity, 

becoming more intricate as more than one mode is involved and intermodal transfer costs are 

significant; and as well as if transfer costs vary upon the transfer point. (Kasilingam, 1998). 

2. Carrier selection: encompasses the decision of individual service providers within a mode. Carrier 

selection is based on a variety of shipment criteria and carrier capabilities – coverage, freight rates, 

reliability, etc. The frequency of this decision is higher than mode selection, which does not mean 

that a carrier is changed for every freight move, but it is more prone to alterations, if carrier 

performance deteriorates (Coyle et al, 2011). 

3. Carrier routing: focuses on determining the shortest path – in terms of distance, time or cost – to 

move a shipment from origin to destination. This decision generally follows mode selection, 

however it is advised to solve both problems together, as the availability of routes may be 

dependent upon the selected mode. Efficient route planning can help improve organizational 

success, customer satisfaction and overall supply chain performance, as well as avoid dangerous 

countries and major trouble spots, congestion, toll expenses, among others. In general, route 

planning is the responsibility of the carrier, but transportation managers should not take a total 

hands-off approach to this topic (Coyle et al., 2011).  
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The decision of route selection is commonly modelled by vehicle routing problems (VRP), which 

can be classified in: 

a. Intermediate cities along the route and origin/destination different. Common applications 

include shipment through a transportation network, from origin to destination, with intermediate 

points, with the goal of finding the optimal sequence. This problem is commonly solved by 

well-known shortest path algorithms (SPA) (Kasilingam, 1998) and, sometimes, by Minimum 

Spanning Tree Problems (MSTP) to design lightly used transportation networks to minimize 

the total cost of providing the links between points. SPA can consider not only distances, but 

also costs and time, therefore increasing model complexity (Hillier & Lieberman, 2001).  

b. Intermediate points are different but origin and destination are the same This problem 

considers the service to several nodes in the network and the posterior return to the origin. 

These network optimization modelling falls under the umbrella of the Traveling Salesperson 

Problem (TSP), which aim to obtain the sequence that minimizes total travelled distance. 

Transportation managers will more commonly encounter this route design type of problems if 

the company owns a fleet. (Ballou, 2004) 

c. Multiple origins and destinations with no intermediate points. This problem is concerned with 

the optimal distribution of any commodity, from any group of supply sources to any group of 

destinations, in a way that minimizes costs (Hillier & Lieberman, 2001). This problem is known 

in literature as the Transportation Problem (TP) (Kasilingam, 1998; Ballou, 2004).  

d. Multiple origins and multiple destinations with intermediate or transshipment points. The 

difference to the previous point is that flexibility to consolidate or distribute at intermediate 

locations is added, so is known in literature as the Transshipment Problem (Kasilingam, 1998).  

Routing problems can include a significant amount of constraints and requirements, which can 

increase complexity and calculation time, reason why some of the problems are commonly solved 

through heuristics, which provide a sufficiently good solution, but not necessarily the best.  

4. Fleet sizing: aims to determine the quantity and characteristics of the necessary vehicles to fulfill 

demand at the lowest cost without compromising service level. Key trade-offs transportation 

managers need to consider, as an increase in size increases response time and delivery frequency 

but can imply a decrease in vehicle utilization. This type of decisions is most relevant to companies 

that decide not to outsource transportation services. In Kasilingam (1998), two simple models are 

presented to help decision making in the case of a homogenous fleet or a non-homogenous fleet.  

5. Vehicle scheduling: this decision focuses on how many vehicles should be dispatched from a 

certain origin to a certain destination, at what time and in which day. It is also necessary to consider 

fleet size, available routes according to available equipment, volumes to carry, time windows for 

service and human resources availability. Modelling this issue usually considers a time-space 

network, with each node representing a place and point in time. Solution procedures to 

mathematical models depend upon the size and complexity of the formulation (Kasilingam, 1998) 

6. Shipment consolidation: motivated by transportation rates’ behavior encouraging bigger 

shipment sizes, consolidation is the combination of several different shipments in one order to 
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compose a full load, as to attain a lower cost per unit transported. There are, generally, different 

manners in which consolidation can be achieved (Ballou, 2004). First, through inventory, meaning 

that bigger lot sizes than required are ordered to benefit from quantity discounts, though that leads 

to stock carrying costs. Moreover, through time, which implies that, for example, different orders 

are put on hold and retained until a full load can be assembled. Third, vehicle (or equipment) 

consolidation, which follows the simple idea of combining customer orders in a vehicle to maximize 

capacity usage. This last strategy can also reveal the necessity of warehouse implementation near 

the customer point, so full loads can be shipped to the warehouse and posteriorly distributed to 

clients in smaller loads and, expectedly, closer and cheaper trips. Warehousing is also referred in 

some literature as a fourth way of performing cargo consolidation (Kasilingam, 1998) 

The aforementioned decisions reflect, generically, what transportation managers are faced with as they 

are required to design and control the transportation network, as well as all the activities and flows that 

it encompasses. Furthermore, there are various factors that can affect the representation of reality and 

the complexity of models, as, for example: the existence of an enormous multiplicity of possible routes 

between shipment origins and destinations; non-linear transportation costs; spatial relationships 

between points in the network; shipment splitting in more than one vehicle or via different modes; 

multiple (possibly conflicting) objectives; imprecise or unreliable information; etc. (Kasilingam, 1998).  

As can be seen, the process of planning and managing transportation can be substantially complex on 

its own and yet it cannot be perceived as a standalone function, rather it must be properly aligned with 

sourcing, inventory, demand fulfillment strategies, as well as other factors. It is precisely in this sense 

that the current project aims to assist Autoeuropa in the resolution and study of their identified – and 

previously explained – transportation problem with integration of inventory repercussions and 

sustainability concerns.  

The scientific community has developed, throughout the years, some interesting works that provide 

insight to more specific transportation problems and their respective proposed solution. In order to better 

understand the current state of the art regarding those issues and identify common best practices and 

methodologies that can be further developed in the master thesis, as well as areas in which research is 

lacking, a more detailed review of selected publications is performed in the next sections, starting with 

current approaches to transportation integrated decision making, dealing with transportation costs 

definition, the modelling of transportation decisions with increased attention to inventory repercussions, 

the modelling of different possible transportation strategies and, last but not least, the important 

incorporation of sustainability concerns into transportation decisions.  

3.4.6.1. Integrated transportation decision making  

The importance of transportation management with a broad concern for the entire SC has been 

repeatedly stressed in this work, as much as it has been highlighted by the scientific community. In 

Crainic & Laporte (1997), authors aim to identify the main issues in freight transportation planning and 

operations, with a classic three decision levels approach (strategic, tactical and operational) and giving, 
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for each level, a brief description of the main issues encountered as well as a presentation of appropriate 

models and methods – from Operations Research - for attempting to solve the aforesaid issues.  

In Stank & Goldsby (2000), authors develop a framework for transportation decision making in an 

integrated SC, since they identified, at the time, the lack of conceptual research regarding the role of 

corporate transportation function in an integrated SC. They clarify major transportation decision areas 

and introduce a framework with an increasingly narrower scope from strategic to more operational 

activities decisions, with the intention of emphasizing the importance of transportation for SC success 

and providing a roadmap for synthesizing transportation decisions. 

With a more focused approach on regional freight transportation planning, Demetsky & Tatineni (2005), 

investigate the applicability of a SC based modeling methodology, with a two-step approach in which 

they first identify and obtain the origin to destination flows and secondly they model the choice of a mode 

for freight shipments. For the last step they identify all the logistical variables that have potential to 

influence the choice of mode, in order to develop a model that accounts with those.  

Karabakal, Günal & Ritchie (2000), performed a very interesting analysis of the SC in Volkswagen of 

America (VoA), since the company began a review of their distribution system in order to find 

opportunities to improve customer responsiveness and reduce costs at the same time. Thus, the need 

for an analytical tool arose to evaluate alternative designs in terms of those topics, which encompassed 

both probabilistic and dynamic elements. A combination of simulation and discrete optimization models 

(MILP) to assess modifications to the existing vehicle distribution system is considered.  

Olivares-Benitez, Ríos-Mercado & González-Velarde, (2013) address a supply chain design problem 

based on two-echelon single-product system. First echelon is plants to distributions centers 

transportation and second echelon is from distribution center to customers. Decision variables for the 

problem are the opening of DCs, the selection of transportation channels and flow between facilities. 

Authors model the problem as a bi-objective mixed-integer program, with integration of opening costs 

and transportation costs. Two solution approaches are used and further compared: the epsilon-

constraint method and a metaheuristic algorithm that combines principles of other heuristic approaches.  

Regarding network flows, Kim & Pardalos (1999) consider the fixed charge network flow problem 

(FCNFP), and propose a new approach for solving the general capacitated (or uncapacitated) FCNFP 

by adapting an economic viewpoint of the fixed cost, by a new concept of the dynamic slope scaling 

procedure. Authors acknowledge that this problem has many practical applications including 

transportation, network design, communication and production scheduling, and although many exact 

methods have been developed to solve the FCNFP, their computational requirements increase 

exponentially with the size of the problem, so heuristic approaches are needed to solve suboptimally 

large-scale problems, and most solution approaches until that time included branch and bound 

techniques and vertex ranking procedures 

3.4.6.2. Modelling and defining transportation costs  

Transportation costs can greatly differ dependent of a series of variables. Authors in scientific research 

have tried to develop different approaches to tackle some of the possible specific differences and price 

structures.  
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Guo, Wang & Zhou (2015) consider the transportation problem with uncertain costs and random 

supplies, with the goal of deviate from the common studies of transportation problems that have been 

studied under random or uncertain conditions. A conceptual uncertain random model is developed with 

supplies as random variables and costs and demands as uncertain variables. By minimizing the 

expected value of uncertain objective function and taking confidence levels on constraints, their model 

can be turned into as mathematical programming model by using uncertainty and probability theories.  

Sahin, et al. (2009) develop a model for analyzing total transportation costs, for cargo or passengers, 

by breaking down the total cost into: capital, fuel, lubricants, operational and maintenance costs.  

More specifically into transportation and the integration of piecewise linear cost functions into network 

design decisions, Sheng, Dechen & Xiaofei, (2006) investigate the transportation problem with 

discontinuous piecewise linear cost function (TPDPLC). They argue that TPDPLC can be easily 

formulated and solved as a MILP, and theoretically any general MILP could be used to solve this kind 

of problem, however due to computational requirements, metaheuristics methods can lead to good 

solutions, and the genetic algorithm proved itself to be the most suitable for their work.  

Görtz & Klose (2007) study the single-sink fixed-charge transportation problem (SSFCTP), which 

consists in finding a minimum cost flow from a number of supplier nodes to a single demand node. In 

this transportation problem, shipping costs comprise costs proportional to the cargo as well as a fixed-

charge. Authors refer that, though it is a very important relaxation from the fixed-charge transportation 

problem, it has not attracted much attention in the literature, with only a few authors actually developing 

meaningful insights. The applications for the SSFCTP were first referred in Herer et al. (1996), according 

to the authors, and include the areas of manufacturing and transportation, namely in supplier selection, 

product distribution/fleet selection and process selection.  

Christensen (2013) composes his thesis by addressing three different problems with commonalities 

between them, since all of them are related to Network Design and consider a piecewise linear cost 

structure. The beginning of the author’s work reflects an overview of different facility location models, 

using non-standard production and/or transportation cost function such as the piecewise linear cost 

function, with the aim of categorizing existing literature, which led to the conclusion, as previous authors, 

that the area of non-standard transportation costs had only been sparsely treated in literature. 

Furthermore, he focuses on the single-sink fixed-charge multiple choice transportation problem 

(SSFCMCTP) by presenting an efficient dynamic programming algorithm to solve it.  Then, the work 

leans on more general capacitated facility location with piecewise linear transportation costs problems.  

3.4.6.3. Modelling transportation and inventory costs  

Dhakry & Bangar (2013), stress the fact that there are two important topics in the supply chain that 

contribute to the total cost of the supply chain network: transportation and inventory costs. With that in 

mind, companies can achieve significant savings by considering these two costs at the same time rather 

than trying to minimize each separately. Three in-stock strategies are studied in their work – flow 

through, regional and single DC central stock – and they develop a simple transportation-inventory 

model to compare the total costs of each strategy. A distribution model is also formulated as a non-
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linear integer optimization problem, and due to the non-linearity of the inventory cost in the objective 

function, two heuristics and an exact algorithm are proposed. 

Pazhani, Ventura & Mendoza (2016) give emphasis to the importance of incorporating transportation 

costs in inventory replenishment and supplier selection decisions, which is why they address supplier 

selection and quantity allocation in a multi-stage serial supply chain system with multiple suppliers, 

considering inventory replenishment, holding and transportation costs simultaneously by means of a 

MINLP model to determine the optimal inventory policy. Transportation costs, in their work, are modeled 

using a piecewise constant setup cost structure coming from a FTL freight rate cost model. At last, 

sensitivity analysis is carried out to evaluate the effect of cost parameters on supplier order allocation.  

Also, Swenseth & Godfrey (2002) work aims at incorporating transportation costs into inventory 

replenishment decisions, as the need to develop models with appropriate representation of 

transportation considerations is further enhanced. So they propose a solution procedure, based on the 

economic order quantity model (EOQ) and further modifications, that systematically solves inventory 

replenishment problems, using a classification of shipping decisions according to whether shipments 

can (or are) declared as full truck loads or not.  

Still regarding replenishment policies, Chiu et al. (2011) also aim to mathematically model the adequate 

replenishment policy for the economic manufacturing quantity with rework and multiple shipments, 

considering random defective rate during production process, an imperfect rework process with a scrap 

rate, production setup cost, inventory holding costs for both manufacturer and customer, and fixed and 

variable transportation costs with the goal of determining the optimal lot size that minimizes total 

production-inventory-delivery.  

Berman & Wang (2006) reiterate the importance of the integrated management of transportation and 

inventory in the SC, if companies aim to achieve significant savings. Authors consider the problem of 

selecting the appropriate distribution strategy for delivering a set of products from a set of suppliers to a 

set of plants, in such a way that the total transportation, pipeline inventory and plant inventory costs are 

minimized. The problem is formulated as a non-linear integer programming problem, being harder to 

solve, and therefore authors also propose two heuristic approaches. 

Zeng, Hu & Huang (2013) analyze the transport allocation problem in a multimodal transportation 

environment for automotive logistics, by using a genetic algorithm that can minimize logistics costs.  

The integration of transportation and inventory costs and decisions is also studied in literature in terms 

of vehicle routing problems that aim to provide the best route and/or schedule to minimize total costs.  

In this sense, Liao, Lin & Shih (2010) incorporate cross-docking facilities in the vehicle routing decisions 

with the goal of determining the number of vehicles and the set of vehicle schedules with the minimum 

sum of operational cost and transportation cost and solve the problem through a proposed Tabu Search 

algorithm. Agustina, Lee & Piplani, (2014) try to solve the same vehicle routing at a cross-docking center 

for food supply chains, with integration of vehicle scheduling (VRSP).  

In Lee, Cho & Jung (2014) a close look into inbound logistics for an original equipment manufacturer 

(OEM), with short production time and JIT policy is taken. Here, inbound vehicle routing schedule should 

be aligned with incoming parts inventory control, so authors propose a vehicle route plan that considers 



34 
 

production start time, travel time, waiting times and loading/unloading times, as well as the inclusion of 

a goal model that considers operating costs, stock level exceeding penalty and transportation efficiency.  

Dong & Turnquist (2015) propose a new approach to designing inbound material collection routes with 

consideration of pick-up frequencies and spatial design as joint decisions with the goal of minimizing 

total logistics costs (transportation plus inventory) founded on a clustering-based optimization.  

3.4.6.4. Modelling different transportation strategies  

Hosseini, Shirazi & Karimi (2014) develop a novel integer programming model for the transportation 

problem of a consolidation network where a set of vehicles is used to transport goods from suppliers to 

their corresponding customers via three transportation systems: direct shipment, shipment through 

cross-dock (indirect shipment) and milk run. The goal is to minimize the total shipping costs, and, since 

problem formulation is NP-hard, they propose two heuristics based on a hybrid of harmony search (HS) 

and simulated annealing (SA), respectively.  

More specifically about milk-runs, Du, Wang & Lu, (2007) investigate the parameter settings of a real 

time vehicle dispatching system for consolidating milk runs, through the simulation of different milk-run 

scenarios. Their main contribution to the literature is the establishment of a Best Fit algorithm for initial 

vehicle dispatch and the 2-Exchange algorithm for inter-route improvement, proving them most suitable 

for real-time systems.  

Ozeki et al. (2000) define the milk-run problem and propose a solution method with hierarchical 

approach, with the aim of providing a decision support tool for a food company for deciding the frequency 

of supplier pick-ups, assign the visits for a week horizon and determine the routes for each weekday.  

Jiang, Huang & Wang (2010) develop an optimization-based approach for routing a just-in-time supply 

system with milk-run strategy for part logistics, with high-frequency and small quantities requirements. 

Mathematical formulation is based on common frequency routing problem (CFR) and is solved through 

tabu search (TS) approaches.  

3.4.6.5. Incorporating sustainability into transportation decisions 

Due to the current growing concern with environmental issues and sustainability in the SC, as explained 

in section 3.2.3.1, there is also an increase in literature research focus to attempt to integrate 

sustainability and green logistics aspects into transportation decisions.  

Dekker et al. (2012) present a review that highlights the contribution of Operations Research (OR) to 

green logistics, by using this area of science to help model optimization and integration of environmental 

aspects in logistics decisions, for example with the use of multi-criteria models. Furthermore, they focus 

a section on transportation carbon emissions and how modal choice, load factors, operational factors 

and external factors influence carbon intensity of fuel. 

Ji, Wu & Zhu (2015) address the issue of eco-design for transportation in SSCM. For this they resort to 

an extension of Data Envelopment Analysis (DEA) and its combination with a developed tractable 

algorithm that can, ultimately, provide a Pareto Optimal transportation strategy, aiding stakeholders 

achieve certain transportation goals with less resource consumption and less pollution emission.  
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Tang et al. (2015) evaluate the issue of cutting emissions by reducing shipment frequency within a 

periodic inventory review system environment. A benchmark model is proposed and further develop to 

include carbon emission reduction by adding a constraint with the emission reduction percentage target. 

Interesting insights are obtained in how the adjustment of inventory control decisions can impact carbon 

emissions in logistics.  

Validi, Bhattacharya & Byrne (2014) look at the distribution side from producers to customers in terms 

of sustainable supply chain management with a green multi-objective optimization model that minimizes 

CO2 emissions from transportation and total costs in the distribution chain. For ranking the realistic 

feasible transportation routes resulting from the trade-offs between total costs and CO2 emissions, a 

multi-attribute decision-making approach, TOPSIS (Technique for Order of Preference by Similarity to 

Ideal Solution) is presented.  

Existing literature on economic and environmental concerns along with social repercussions is rare, 

hence is important to remark the study by Ramos, Gomes & Barbosa-Póvoa (2014) in which they aim 

to provide support at tactical and operational decision making levels of reverse logistic systems planning, 

while considering economic, environmental and social objectives. Authors then model the problem as a 

multi-objective, multi-depot periodic vehicle routing with inter-depot routes. 

3.5. Chapter Conclusions  

To contextualize the case study and the problem at hand within a theoretical perspective and better 

know the current state of the art regarding supply chain management and transportation, a literature 

review of some relevant topics was presented in this chapter. In this sense, issues related with supply 

chain definition, management and evolution were addressed, followed by a more profound focus into 

transportation topics. Transportation in the supply chain is characterized by clarifying its role, modes 

and characteristics, key trade-offs to consider, possible risks and costs definition in a more general, 

though significantly important manner. Then, transportation network design is analyzed, by remarking 

the key issues transportation managers encounter and approaches that are typically used for addressing 

those key decisions. At last, a more specific literature review takes place, with the goal of pinpoint the 

most relevant works in the literature concerning transportation research. As seen, literature provides 

insights and identifies the lack of information regarding topics that are relevant for this thesis  

development. Literature review allows to stress that operational research has increasingly become a 

fundamental tool for representing and addressing different transportation problems, both in modelling 

(MILP representations) and solutions.  

Given all the above information, and having summarized the state of the art of this research, it is possible 

to draw some conclusions regarding the problem to be solved. Having under consideration the challenge 

presented, it can be seen that it represents a problem of incorporating specific knowledge about 

transportation prices into transportation decisions, like shipment sizes and frequency, and also about 

assessing the relation of those decisions, as well as their impact, on inventory levels and replenishment 

decisions. Furthermore, the analysis of cost structures allows to state that the current problem lies within 

the scope of single-sink transportation problems with piecewise linear cost functions, which will be 

further explored.  
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4. Problem Statement and Data Treatment 

The current chapter presents a summary of the problem statement, and describes more profoundly its 

scope, and the procedure to initially analyze the necessary information for its solution, allowing the 

identification of fundamental data. Thus, the data collection and treatment are further described in this 

chapter, clarifying all necessary assumptions and simplifications undertaken.  

4.1.  Problem Statement  

In order to better address the further steps that are necessary in trying to tackle the problem presented 

by AE, it becomes necessary to fully remember it. Hence, this section presents a more complete problem 

statement. 

The main challenge began with the identification, from AE, of a particular behavior regarding 

transportation inbound rates for certain suppliers in certain countries. This behavior, as explained before, 

presented some characteristics of a non-decreasing piecewise function, with constant segments and 

others that increased in a fairly linear manner according to the cargo weight. Having identified the 

existence of these unusual structures, the objective was to narrow the countries in which that kind of 

cost structure was present and consequently consider the suppliers present in those countries. 

Furthermore, it was intended to analyze how those rate profiles could be used in an advantageous way 

for the firm, especially when cargo’s taxable weight fell into the constant price segments, since the 

comprehensive knowledge of those prices could allow to increase cargo sizes until the limit of the 

segment, and thus exploring scenarios of less frequent shipments.  

It is easy to understand that shipment scenarios that are sparser than a week, will lead to stock build-

up, since more cargo will be received at each delivery and more production days will need to be covered 

by those deliveries. Therefore, the analysis of inventory impacts becomes crucial in order to globally 

assess the possible benefits of each scenario, since a very cost-saving transportation alteration could 

lead to enormous impacts on inventory. For this analysis, parts’ prices need to be taken into account, 

as well as the rate at which inventory is valued by the firm.  

Given the current, and necessary, sustainability concerns, the environmental repercussions of possible 

transportation scenarios will also be referred and discussed as a criterion for decision making and 

scenario comparison. 

The approach to analyze and attempt to give solutions to the current case study was performed in 

several phases. First, a heuristic and empirical approach was followed, since data represented some 

challenges and the conceptual comprehension of the problem required a manual initial approach in 

order to fully conceive the desired and realistic outputs as well as to understand the limitations and the 

degree of detail that would, in fact, add value for a future more automatic development. Furthermore, 

the empirical study was translated into the development of a tool that could be used by transportation 

managers in AE to aid decision making regarding transportation scenarios. The empirical approach and 

the developed tool was formulated using MS Office Excel potentialities.  

At last, once the given problem, and the desired outputs, were fully understood, the problem was 

conceptualized in a more generic manner, with substantial academic background supporting the 
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mathematical formulation proposed, and then solved using an optimization software, in order to attempt 

to provide an insightful contribution to the scientific community regarding transportation decisions, as 

well as to validate empirical options taken, current practices at AE, and identify alternatives that might 

not had been explored.  

Both approaches are more exhaustively explained in chapter 5. Before advancing for the problem 

solution, essential data needed to be analyzed and treated to support the scope of this work. This 

information is presented in the following section.  

4.2.  Data collection and treatment  

The current section presents a description of the gathering and treatment of data used for developing a 

solution for the identified problem. Hence, this section briefly explains the manner in which data was 

collected, followed by specific information regarding simplification strategies, necessary assumptions 

and relevant information.  

Due to confidentiality, data and references had to be altered in order to comply with AE confidentiality 

terms. In this sense, data presented does not correspond to the real values and it is only valid for the 

scope of this project. However, data was altered within the same order of magnitude so that it could 

depict reality as closely as possible.  

Data collection 

The first step necessary to further address the problem was the identification and gathering of necessary 

information. This stage is, commonly, one of the most time consuming processes. The majority of data 

was gathered directly in AE, by visiting the factory and the logistics department numerous times, in order 

to get a broader comprehension of every activity linked and controlled by the transportation logistics and 

how other areas were impacted by those decisions, or could impact the decisions to be taken. Due to 

strict confidentiality and the necessity of constantly accessing different types of information, a significant 

amount of work was developed in AE, hence having the opportunity to analyze the universe of possible 

data that could add value to the project. The increased time spent in AE allowed the identification of 

issues to incorporate in the solution development and the understanding of different levels of decision 

making processes.  

Data treatment  

Being a car manufacturer, one of the most delicate and complex operations for AE is the supply chain 

control, and consequently the inbound transportation logistics, as this area needs to handle hundreds 

of suppliers, that translate into thousands of different parts and countless carrier routing possibilities. 

The analysis of the entirety of suppliers would be extremely time consuming, which is why the current 

study needs to focus on the identified transportation cost structures problem and limit its scope in certain 

aspects so that a consistent and valuable result can be produced.  

The following paragraphs present, with more detail, information and assumptions about relevant data.  
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Transportation modes 

For the analysis, and also consistent with the reality, cargo flows are assumed to be performed by road 

transportation and a unique type of truck is presumed for the process. In fact, carriers can use different 

types of vehicles, however, the introduction of those variables into the model would increase its 

complexity and computational requirements and would not provide significant added value. Given so, 

this option allows to put more emphasis in analyzing potential savings in road transportation, since this 

is AE’s predominantly chosen strategy. The type of truck chosen is a mega-trailer truck, due to the fact 

that it is the most widely used by AE since the packaging specifications of VW are better suited with this 

type of truck, and its characteristics are specified in Table 3 (Volkswagen and Volvo). 

Table 3 – Mega Trailer Truck Specifications 

Mega-Trailer Truck Specifications 

Dimensions 13,6m x 2,45m x 3m 

Weight Capacity 24000 kg 

Volume Capacity 96m3 

European Emission Pattern Euro 5 

Fuel consumption 29 l / 100 km 

CO2  Emissions 2.6 kg/l 

 

Suppliers 

In order to reduce the samples of suppliers, the first step included the study of suppliers’ locations and 

carriers responsible for the route, in order to identify cost structures that could present the 

aforementioned behavior. Autoeuropa has approximately 640 different suppliers, which translates into 

thousands of part numbers and routes and, clearly, the analysis of the entirety of suppliers would be 

time consuming and most likely unnecessary. Being so, some criteria were employed to try to reduce 

the sample of suppliers to analyze. 

One criteria to reduce the size of the sample was transportation modes, as the analysis would only focus 

on road transportation, only road-reachable European suppliers were analyzed. Furthermore, 

transportation strategies worked as filter as well, since direct transportation is contractually defined 

according to the distance from the origin to destination it would clearly not be a target for transportation 

structures analysis. Also, railway transportation has not yet been defined as a possibility, but it is being 

explored and negotiated directly with a carrier partner, so due to costs definition differences, as well as 

lack of final information, suppliers targeted to integrate the future railway option were not included in the 

analysis. 

Then, and to somehow further reduce the sample of suppliers, weekly volumes superior to one ton 

(1000kg) were also excluded, as it had already been verified that rate profiles for superior weight ranges 

had a much more heterogeneous behavior, thus not possessing so clear piecewise structures. 

Furthermore, only suppliers with weekly deliveries were targeted, as suppliers with higher frequencies 

per week were proven to not be able to reduce frequencies, and would not be possible to analyze 
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transportation scenarios for them. Finally, it was decided to exclude Germany from the analysis, as this 

is a country with numerous suppliers and numerous different carriers, that presents a very 

heterogeneous price structure and that would represent an enormous increase in complexity.  

Then, a general research on transportation costs structures for the contemplated suppliers’ locations 

was performed and obtained results demonstrated that the identified problem is only present for 

countries - and respective suppliers - that deliver products according to a regional transportation strategy 

directly to AE – direct gebiet - so France, Portugal and Spain comprised the target countries for the 

remaining analysis, with a final set of 17 suppliers. The initially considered countries and final target 

countries are depicted in Figure 11.  

Part numbers/Products 

The identified suppliers led to a total of 32 different products.  

Time  

The time period unit chosen was weeks, since daily volumes would not accurately represent the problem 

at hands, given the fact that frequencies above once a week were not analyzed. This time unit was 

identified as the most appropriate for the study.  

Hence, the time range considered was thirteen (13) weeks, from end February 2016 (week 8) until mid-

May 2016 (week 20). This time range was proven to be sufficiently representative of the transportation 

behavior of the factory, and thus results obtained using this interval could be extrapolated into yearly 

values for estimation purposes, with the necessary precaution.  

Distances 

The distance between AE and a specific supplier was calculated exactly, using AE’s address and the 

supplier’s address.  

Figure 11 - Map with considered countries (orange and blue) and final target countries (blue) 
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Opportunity cost 

Opportunity cost is seen as the benefits that could have been obtained from an investment in an 

alternative application. This value is defined by AE as 9% and it is used, in this project, to value the 

inventory build-up due to transportation frequencies reduction.  

Production Plan/MRP 

The quantity of a specific product that is necessary to fulfill production requirements in a week is a crucial 

data in order to guarantee that whether inventory or deliveries can meet the requirements for that 

product, so the production line is never forced to stop due to lack of raw materials.  

For this work, data for the production plan was gathered, in weekly values, for the 13 weeks under 

analysis and for the 32 part numbers.  

Inventory cost 

The monetary value of every part in the warehouse is represented by the price of the product. For 

comparison with potential transportation savings, this price is then multiplied by the opportunity cost. As 

with the previous point, 32 part numbers mean 32 different product prices.  

Rental cost 

This parameter relates to packaging costs, as pallets and packages – without including cardboard boxes 

- are “rented” among the different factories of the group. This means that every day that AE holds a 

pallet or container from the moment it leaves the supplier, it needs to pay a “rent”. There are different 

prices according to the different packaging options. 

However, empirical knowledge showed that rental prices do not preclude the transportation scenarios, 

as can be seen in section 6.1., due to their reduced impact, hence this parameter was not included in 

the model formulation, as it would only increase its complexity without providing substantial added value.  

Packaging characteristics 

Products can arrive at AE’s warehouse in different packaging dispositions, according to what is 

parametrized for that part. Being so, products can be in individual packages or in pallets – with individual 

packages in it and a lid over it. This packaging characteristics influence the total taxable weight, as pallet 

dispositions need to take into account pallets weight and lid weight; also the existence of this two parts 

influences rental prices.  

Carbon Dioxide Emissions 

Data concerning fuel consumption and CO2 per liter of diesel was obtained from a Volvo report, 

regarding emissions from their trucks (Volvo, 2014). In the choice of a value for vehicle consumption, it 

was assumed that trucks would be full, as carriers in the regional transportation strategy always optimize 

cargo. Regarding the European Emission Pattern, it was assumed that trucks would respect the Euro 5 

norm, based on information available in AE. Therefore, CO2 emissions per kilometer were calculated 

multiplying the vehicle consumption by the emissions associated to each liter of fuel, obtaining the value 

of 0,754kg of CO2 per km, using information available in Table 3. 
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The volumes that are analyzed in this project do not come anywhere near a full truck, however it is 

reasonable to assume that, since the truck will be full –because regional transportation carriers always 

attempt to optimize their load - , AE cargo will contribute to a linear proportion of the CO2 emissions.  

Transportation costs 

Transportation costs from any origin to destination are consistent with a regional transportation strategy, 

as it was proven that suppliers under this strategy will be the ones under the scope of the analysis, 

meaning that prices are obtained from carriers for a specific supplier-AE pair route. This prices follow 

the piecewise cost structure identified and are particularly similar for suppliers within the same country. 

Figure 12 shows examples for some transportation cost structures identified for the three countries 

under analysis, with country 1 being Portugal, country 2 Spain and lastly, France. 

      

 

Figure 12 – Transportation Cost Structure 

Costs calculation 

For transportation costs the measurement unit considered is the taxable weight. This value is 

determined according to the following parameters: Gross Weight Load; Cargo volume multiplied by a 

conversion factor (The considered factor is 250kg/m3).  

The largest value between these two corresponds to the value to be used in the costs calculation – 

taxable weight. Using this unit provides the advantage of simultaneously considering cargo properties 

in both volume and gross weight terms. Once this value is obtained, it is introduced in the transportation 

price table to find the corresponding price for that supplier.  

After describing in more detail the scope of the problem and the steps necessary to analyze it, and 

having identified and treated the required data to address the solutions, it is now possible to build and 

explain thoroughly the approaches to tackle the problem at hands, which is performed in the following 

chapter.    
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5.  Approaches explanation  

The current chapter describes the phases that were undertook in order to build a solution for the 

transportation costs’ problem analyzed throughout this thesis, as mentioned in chapter 4. The two 

approaches developed (manual and optimization) are justified and explained during this chapter, as is 

the rationale supporting them.  

5.1. Manual explanation  

As mentioned before, the first approach to better comprehend the problem and its potentialities was 

performed manually and for every supplier in a focused manner. 

Having under consideration the forecasted deliveries from each of the suppliers, different transportation 

scenarios were studied, with the goal of analyzing the alternatives that could represent improvements 

regarding transportation costs and that could take advantage of the constant characteristics of the cost 

functions identified. Manual scenarios were assessed for each of the suppliers and analyzed 

accordingly. Given the detailed attention paid to each supplier characteristics, different scenarios were 

thought and analyzed, with not only frequency deliveries scenarios being considered, but also some 

different situations, like the partial increase of cargo in every week, to take advantage of the 

transportation cost function and decrease unitary cost, while simultaneously building up stock that would 

lead to the suppression of one delivery at a determined point in time.  

The excessive level of detail in the manual approach, specifically with the last alternative, added 

complexity to the analysis and proved itself as not being completely executable. Therefore, in the 

development of more automatic approaches, this lastly explained alternative was not included. This 

initial empirical approach was developed in Microsoft Office Excel.  

The first step of this methodology was to assess the potential a supplier’s weekly volumes have to be 

considered for a transportation frequency alteration. For that, the forecasted orders were considered 

and translated into taxable weight, for analyzing both the sizes of the orders and consequently their 

position in the cost curve as well as the behavior of those orders to conclude if the current delivery 

behavior was prone to optimization scenarios. When the final number of suppliers was achieved, 

applying the criteria explained in section 4.2., this was performed for all of them, and then scenarios 

were constructed and their impact was analyzed. In order to assess different scenarios, worksheets for 

each supplier were built, with information from each product produced by that supplier (see as example 

in Figure 13).  
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Information includes forecasted deliveries, packaging type, packaging dimensions, number of parts per 

package or pallet, tare weight, and product weight, so that total taxable weight can be obtained. The 

forecasted orders allow to determine how many packages/pallets are needed to transport the necessary 

quantity and with the information from packaging dimensions and weight, the total gross weight and the 

total cubage are calculated. Taxable weight is then the highest value between the total gross weight 

and the total cubage multiplied by a factor of 250kg/m3, as explained in section 4.2. To the obtained 

taxable weight is, then, assigned a transportation price, based on the carrier contract that reflects the 

piecewise rate structure. Being so, every week has a transportation price assigned, and the total sum 

represents the total transportation cost for the thirteen analyzed weeks.  

For the other proposed scenarios – biweekly, monthly, partial increases -, the forecasted deliveries were 

altered to reflect those delivery scenarios  and calculations to obtain total taxable weight were performed 

using those new values. This is basically depicted in table 4, where is possible to see the original values 

of 10 units per week, then the junction of those orders in a biweekly basis, leading to 20 units per every 

two weeks, and, at last, the original values are combined into a monthly scenario, with the total amount 

of orders condensed in one week – assuming 4-week months.  

Table 4 - Simple example of alterations to original forecasted deliveries to suit new scenarios 

Original Biweekly Monthly 

10 
20 

40 
10 

10 
20 

10 

 

Furthermore, impact on inventory was assessed by analyzing the material requirement planning for each 

product, as to know the quantities of product that were required to feed the line per week – which can 

WEEK 8 9 10 11 12 13 14 15 16 17 18 19 20

Quantity 0 26 26 26 26 26 0 26 26 26 26 26 26

Real Quantity 0 26 26 26 26 26 0 26 26 26 26 26 26

Packaging type 6280

a 0,59

b 0,40

c 0,28

m3 0,07

Parts/package 26

Number of packages 0 1 1 1 1 1 0 1 1 1 1 1 1

Tare weight (kg) 2,67

Produt weight (kg) 0,104

Total weight/package 5,37

Total weight 0 5,37 5,37 5,37 5,37 5,37 0,00 5,37 5,37 5,37 5,37 5,37 5,37

Total cubic dimensions 0,00 0,07 0,07 0,07 0,07 0,07 0,00 0,07 0,07 0,07 0,07 0,07 0,07

Taxable Weight 0,00 16,47 16,47 16,47 16,47 16,47 0,00 16,47 16,47 16,47 16,47 16,47 16,47

QUANTITY 0 26 26 26 26 26 0 26 26 26 26 26 26

TOTAL TAXABLE WEIGHT 0 16,4657 16,4657 16,4657 16,4657 16,4657 0 16,4657 16,4657 16,4657 16,4657 16,4657 16,4657

CORRESPONDING COST 19,18 19,18 19,18 19,18 19,18 19,18 19,18 19,18 19,18 19,18 19,18

CURRENT COST

ANNUAL COST

230,16 €                  

779,00 €                  

CODE 

SUPPLIER 

PRODUCT

512510

CIE PLASFIL

1K8971502A

Figure 13- Manual approach transportation cost template 
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be seen in the second, sixth and tenth columns of Table 4 - , and by performing an inventory balance 

calculation, to determine the increase in the average stock per week that each scenario would provoke 

– final inventory levels are shown in the third, seventh and eleventh columns and are the result of the 

difference between deliveries and MRP. The monetary valuation corresponds to the average stock 

multiplied by the cost of the product, then the impact of each scenario corresponds to the difference of 

that valuation versus the original scenario valuation multiplied by the opportunity cost defined by the 

company. Table 5 shows a basic cost analysis, if it is assumed that the product costs 2€.   

Table 5 - Simple example of inventory calculations 

Original MRP Inventory Cost Biweekly MRP Inventory Cost Monthly MRP Inventory Cost 

10 5 5 0.45€ 20 5 15 1.35€ 40 5 35 3.15€ 

10 8 7 0.63€  8 7 0.63€  8 27 2.43€ 

10 8 9 0.81€ 20 8 19 1.71€  8 19 1.71€ 

10 12 7 0.63€  12 7 0.63€  12 7 0.63€ 

   2.52€    4.32€    7.92€ 

 

Results for the assessed thirteen weeks were then extrapolated to a yearly basis, by assuming that the 

behavior was sufficiently stable for transportation planners to take yearly decisions based on the 

analysis performed. However, it should be stressed that being an automotive producer, differences in 

demand can happen throughout the year and many variables can change the steady-considered 

demand, such as new model introduction, standardized extras, among others. Thus, transportation 

planners should be sufficiently cautious as to consider a certain degree of uncertainty, and should 

continuously revise past analysis and decisions.  

In sum, Figure 12 depicts the procedure that was undertaken for this manual approach analysis, and 

how data is linked in order to arrive to a final value for all the parameters that were evaluated. 

Furthermore, results obtained using this approach are presented and commented in chapter 6.  

 

Figure 14 - Illustrative example of the manual approach 
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After performing this initial analysis, and understanding the details and implications of the problem, the 

approach could be translated into a more automated and useful tool, which is described in the following 

section.  

5.1.1. Excel tool explanation  

The need for a more automatized way for transportation planners to perform some transportation 

scenarios analysis led to the development of a tool built in Microsoft Office Excel, with resource to Visual 

Basic for Applications (VBA). Even though Excel might seem like an outdated or somewhat basic 

instrument, it is widely used among all VW Group factories, and extensively in the corporate world. 

Therefore, the choice of this platform to develop the tool allows AE, and potentially all VW Group 

interested factories, to use it without significant additional knowledge and without alterations or 

installation of software.  

The developed tool objective is to be an auxiliary for transportation analysis, specifically regarding 

delivery frequency scenarios that transportation planners (TP) may want to study. This tool allows TP 

to observe the behavior and potential consequences of alterations in the delivery schedule, for a 20-

week period and its extrapolation for a year, based on the assumption that yearly behavior can be 

approximated by the behavior of four months. The tool provides results in terms of accumulated taxable 

weight for each supplier, as well as stock and rental costs. For each taxable weight value, a monetary 

value must be inserted by the user. At the end, the cost of a biweekly and monthly scenarios is 

confronted with the original and the user can assess results and take the analysis into account for his/her 

decision making process.  

The developed tool (see Figure 16) consists of a workbook that contains twelve different sheets: one for 

input, six for transportation analysis- original and scenarios for both packages and pallets –, four 

respective inventory impact analysis and one containing the template for outputs.  

 

The procedure, depicted in Figure 15, begins in the input sheet (see Figure 16), where the user must 

specify the code for the supplier that wishes to study. With the insertion of the supplier’s code, all data 

related to that supplier is fulfilled, including its products and the necessary characteristics of those 

products. Data is retrieved from reports proceeding from a central VW application that joins all VW 

sources of information and is updated as frequently as the user wants. In this initial sheet other important 

data can be specified, as the opportunity cost and the number of working weeks. Once all initial data is 

Figure 15 - Illustrative example of excel tool procedure 
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inserted, the user can click the “Run Scenario Analysis” button and the tool will begin the instructions 

that lead to a final result. The tool is designed to run a cycle that only ends when there are no more 

products from the supplier specified. This cycle begins when the tool identifies the first product. 

Furthermore, it checks the packaging characteristics of the product, as this influences further calculation 

steps. Following, it places the code of the first product on the different sheets. As this step is performed, 

every sheet automatically retrieves information from the reports containing data such as packaging 

dimensions, forecasted deliveries and forecasted material requirement planning, among others. With 

the retrieved information, calculations are automatically performed for every part number, including 

transportation scenarios and inventory impact, using the same structure/template as the manual 

approach.   

Afterwards, the tool places final information from every sheet in the outputs sheet (see Figures 17, 18, 

19) and then, as the results are in place, it follows to the next product from that supplier and repeats the 

aforementioned steps for that part number and for the subsequent ones until all the products from the 

supplier have been selected and its results are present in the outputs sheet.  

The most important information summarized in the outputs sheet contains total taxable weight per 

supplier – the sum of taxable weight for each product -, total stock cost per supplier – the sum of the 

impact of stock build-up per product – and total rental cost. This costs are also presented in final impact 

values, reflecting the difference between the original scenario and the frequency alteration scenario. In 

order to obtain the monetary cost correspondent to the total taxable weight – original and scenarios - 

given by the tool, the user must insert the values manually, through the consultation of those in an 

application where all transportation contracts are updated and, then, by specifying the origin, destination 

and taxable weight, the current price for that cargo can be consulted. It was decided to leave the 

transportation costs as an input that users need to insert at the end due to the possibility of different 

values for those contracts, as they are constantly being renegotiated. In this way it can be guaranteed 

that the tool performs the analysis with the most recent and accurate data possible.  
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A User Manual, presented in Appendix 10, for this tool was written in order to facilitate its usage in AE.

 

Figure 17- Output Screen example 1 

WEEK 8 9 10 11 12 13

OriginalTransports Part Numbers

1K8971502A 15,64 15,64 15,64 15,64 0,00 15,64

Total Taxable Weight 15,64 15,64 15,64 15,64 0,00 15,64

Rate 18,22€         18,22€    18,22€    18,22€    -€         18,22€     

SumOriginal 218,65€       

Annual 740,05€       

BiweeklyTransports Part Numbers

1K8971502A 31,28 0,00 31,28 0,00 15,64 0,00

Total Taxable Weight 31,28 0,00 31,28 0,00 15,64 0,00

Rate 18,22€         -€         18,22€    -€         18,22€    -€         

SumBiweekly 127,55€       

Annual 431,70€       

Annual Savings (308,36)€     

MonthlyTransports Part Numbers

1K8971502A 62,57 0,00 0,00 0,00 46,93 0,00

Total Taxable Weight 62,57 0,00 0,00 0,00 46,93 0,00

Rate 18,22€         -€         -€         -€         18,22€    -€         

SumMonthly 72,88€         

Annual 246,68€       

Annual Savings (493,37)€     

Figure 16 - Input Screen 
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Figure 18 - Output Screen example 2 

 

Figure 19 - Output Screen example 3 

WEEK 8 9 10 11 12 13

OriginalStock Part Numbers

1K8971502A 20,96€         21,50€    22,58€    25,80€    22,04€    28,49€     

SumStockOriginal 20,96€         21,50€    22,58€    25,80€    22,04€    28,49€     

Total sum 316,59€       

Annual 1 071,55€   

BiweeklyStock Part Numbers

1K8971502A 34,94€         21,50€    36,55€    25,80€    36,01€    28,49€     

SumStockBiweekly 34,94€         21,50€    36,55€    25,80€    36,01€    28,49€     

Total sum 400,44€       

Annual 1 355,35€   

Annual Impact 25,54€         

MonthlyStock Part Numbers

1K8971502A 62,89€         49,45€    36,55€    25,80€    63,96€    56,44€     

SumStockMonthly 62,89€         49,45€    36,55€    25,80€    63,96€    56,44€     

Total sum 568,15€       

Annual 1 922,96€   

Annual Impact 76,63€         

WEEK 8 9 10 11 12 13

OriginalRental Part Numbers

1K8971502A 0,01€           0,01€       0,01€       0,01€       0,01€       0,02€       

SumRentalOriginal 0,01€           0,01€       0,01€       0,01€       0,01€       0,02€       

Total sum 0,16€           

Annual 0,53€           

BiweeklyRental Part Numbers

1K8971502A 0,02€           0,01€       0,02€       0,01€       0,02€       0,02€       

SumRentalBiweekly 0,02€           0,01€       0,02€       0,01€       0,02€       0,02€       

Total sum 0,19€           

Annual 0,65€           

Annual Impact 0,12€           

MonthlyRental Part Numbers

1K8971502A 0,03€           0,02€       0,02€       0,01€       0,03€       0,03€       

SumRentalMonthly 0,03€           0,02€       0,02€       0,01€       0,03€       0,03€       

Total sum 0,26€           

Annual 0,88€           

Annual Impact 0,35€           
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5.2. Mathematical Approach  

The manual approach explained previously provided the basis to better understanding the needs of AE, 

its processes, and ultimately to comprehend the implications and the potential of the problem that is 

developed through this work. In this sense, the necessity for a more powerful and less empirical analysis 

arose, and thus it was decided to study the problem under the light of a mathematical approach that 

could model it and provide optimized results. This approach allows to validate empirical options taken, 

current practices at AE, and identify alternatives that might not had been explored. Moreover, it can 

provide contribution to the scientific community regarding transportation decisions and hopefully can 

serve as basis for similar problems in the business life.   

In this section, first is introduced the generic problem description, followed by an explanation of 

piecewise functions and their linearization for modelling. At last, the complete mathematical formulation 

is presented and explained.  

5.2.1. Generic Problem Description  

The problem at hand can be described as a single-sink transportation problem (Figure 20), in which 

different products are delivered by different suppliers into a single destination point. Products – raw 

materials and parts – can only be supplied by one supplier, yet one supplier can be responsible for the 

delivery of more than one product.  

 

Figure 20 – Single Sink Transportation Problem 

This problem can be described in the following summarized form: 

Given:  

 Transportation cost function 

 Material requirement planning for each part in each time period 

 Established maximum capacity of vehicles  

 Products information: prices, etc.   

 Stock opportunity cost 

Determine:  

 Optimum quantities from supplier to destination  

 Optimum delivery frequencies  

With the goal of minimizing transportation and inventory costs.  
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5.2.2. Piecewise Functions Linearization  

Before exploring in more detail the mathematical formulation for the problem described above, it 

becomes necessary to perform an introduction on the way the cost functions, which are the basis of the 

study, can be treated and included in the model.  

It can be seen, from the examples of the cost functions in section 2.2.5.3., that these are piecewise non-

decreasing functions. These functions, however, are not linear and cannot be directly represented in a 

Mixed Integer Linear Programming model, as they imply in general some computational problems when 

solving the models and thus the need to linearize them arises.   

For the sake of exemplification, consider the piecewise cost function represented in Figure 21 that 

illustrates Spanish suppliers’ behavior.  

 

 
Figure 21 – Piecewise cost function example 

Here, it can be seen that the range for the variable in the x-axis is from 0 to 1000; and that there are five 

different intervals that are defined by different functions, whether linear or constant. Then, it can be seen 

that breakpoints (𝑥, 𝑓(𝑥)) occur at (0, 0); (150, A); (200, B); (250, C); (500, D); (650, E); (1000, F).  

The procedure for linearizing the function clarifies that any value between two consecutive breakpoints 

can be obtained by the linear convex combination of the lower bound of the range and the upper bound. 

Therefore, it becomes necessary to introduce coefficients that define the function as the combination of 

those options, following that the must be non-negative and that their sum must equal one, which will be 

represented by lambda (𝜆𝑖). This leads to a final function for the x-axis that is similar to the one below, 

varying according to the number of breakpoints,  

 𝑥 =  0𝜆1 + 150𝜆2 + 200𝜆3 + 250𝜆4 + 500𝜆5 + 650𝜆6 + 1000𝜆7 (1) 

 

that must obey to the constraint: 

 
∑ 𝜆𝑖 = 1

7

𝑖=1

 (2) 

 

In order to model the y-axis values, the same idea is followed, having into account the value for the 

breakpoints in f(x) 

 𝑓(𝑥) =  0𝜆1 + 𝐴𝜆2 + 𝐵𝜆3 + 𝐶𝜆4 + 𝐷𝜆5 + 𝐸𝜆6 + 𝐹𝜆7 (3) 
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However, the value for f(x) can only be provided by two consecutive points, meaning that, at most, there 

are two strictly positive 𝜆𝑖, and they should be consecutive. This requires the addition of binary variables 

to guarantee that the condition is satisfied. Being so, if𝜆𝑖 > 0 ⇒ 𝑦𝑖 = 1, so 𝜆𝑖 ≤ 𝑦𝑖 for as many lambdas 

as there are, and for each breakpoint i.  

Following, the sum of the binary variables 𝑦𝑖 can, at most, be equal to two. Furthermore, there should 

be made explicit that the two positive 𝜆 should be consecutive, therefore the following equation must 

apply: 𝑦1 + 𝑦3 ≤ 1 and successively for all pairs of binary variables that are not successive.  

Summarily, the linearization of the piecewise cost function using the procedure stated in this section will 

be followed for the modelling of transportation costs into the mathematical model. This function will be 

replicated in the next section, as the mathematical formulation is presented.   
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5.2.3. Mathematical Formulation  

Sets/Indices  

𝐼  Set of suppliers i  

𝑇 Set of time periods t  

𝑃 Set of products p   

𝐿 Set of possible lots l  

𝑃(𝑖) Set of products p supplied by supplier i  

𝐽 Set of possible n breakpoints in the piecewise transportation cost function. 

Α  Set of countries α 

 

Parameters 

 

𝐶𝑝   Price per product p             

𝐶𝑂𝑝𝑝𝑝   Opportunity cost per product p 

𝑂𝑝𝑝𝑅𝑎𝑡𝑒  Opportunity rate 

𝑖𝑠𝑡𝑜𝑐𝑘𝑝   Initial stock per product p 

𝑆𝑆𝑝   Safety stock per product p 

𝑚𝑎𝑥𝐶𝑎𝑝  Maximum allowable capacity  

𝑙𝑜𝑡𝑠𝑝,𝑙   Lot sizes l possible to be ordered per product p 

𝑛𝑃𝑃𝑃𝑝   Number of unit products per product package  

𝑇𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝑝  Taxable weight factor per product p 

𝑎𝑖,𝑗,,𝛼 Cost parameters (y-axis) for piecewise cost function per supplier i, in 

breakpoint j and country α 

𝑏𝑖,𝑗,𝛼 Weight parameter (x-axis) for piecewise cost function per supplier i, in 

breakpoint j and country α 

 

Variables  

𝑥𝑝,𝑡   Quantity of product p to be ordered in time t 

𝑧𝑖,𝑡   Transportation cost per supplier i in time t  

𝑤𝑖,𝑡 Cargo weight value per supplier i in time t 

𝑛𝑃𝑎𝑐𝑘𝑝,𝑡  Number of packages per product p in time t 

𝑇𝑊𝑝,𝑡   Taxable weight per product p in time t 

𝑇𝑊𝑆𝑖,𝑡   Taxable weight per supplier i in time t 

𝑠𝑡𝑜𝑐𝑘𝑝,𝑡   Stock quantity per product p in time period t  

𝑆𝐶𝑃𝑝,𝑡   Total stock cost per product p in time period t       

𝑆𝐶𝑆𝑖,𝑡   Total stock cost per supplier i in time period t   

𝜆𝑖,𝑗,𝑡,𝛼  Positive variable, coefficients for the piecewise cost function linearization, for 

supplier i for country α, breakpoint j, in time t.   
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Binary 

𝑦𝑝,𝑙,𝑡 Binary variable, 1 if lot size l per product p in time t is selected; 0 otherwise 

𝑢𝑖,𝑡 Binary variable, 1 if there is an order placed in t for supplier i; 0 otherwise. 

𝑣𝑖,𝑗,𝑡,𝛼  Binary variable, 1 if the breakpoint j of the cost function for supplier i in country 

α is selected in time t; 0 otherwise. 

 

Objective Function 

 

 𝑚𝑖𝑛𝑖𝑚𝑖𝑧𝑒 ∑ ∑ 𝑧𝑖,𝑡 + ∑ ∑ 𝑆𝐶𝑆𝑖,𝑡

𝑡𝑖𝑡𝑖

 (4) 

Subject to:  

Quantities Constraints 

 

 

𝑥𝑝,𝑡 = ∑ 𝑦𝑝,𝑙,𝑡 ∗ 𝑙𝑜𝑡𝑠𝑝,𝑙, , ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇 

𝑙

 
(5) 

   

 𝑛𝑃𝑎𝑐𝑘𝑝,𝑡 = ∑(
𝑥𝑝,𝑡

𝑛𝑃𝑃𝑃𝑝

)

𝑙

, ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇  (6) 

   

 𝑇𝑊𝑝,𝑡 = 𝑛𝑃𝑎𝑐𝑘𝑝,𝑡 ∗ 𝑇𝑊𝐹𝑎𝑐𝑡𝑜𝑟𝑝 ,    ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇  (7) 

   

 𝑇𝑊𝑆𝑖,𝑡 = ∑ (𝑇𝑊𝑝,𝑡

𝑝∈𝑃(𝑖)

), ∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇 (8) 

   

 ∑ 𝑦𝑝,𝑙,𝑡

𝑙

= 1, ∀ 𝑝 ∈ 𝑃, 𝑡 ∈ 𝑇  (9) 

 

Costs 

 

 

𝑧𝑖,𝑡 =  ∑ 𝑎𝑖,𝑗𝜆𝑖,𝑗,𝑡

𝑗

 

∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇,   𝑗 = 1 𝑢𝑛𝑡𝑖𝑙 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑟𝑒𝑎𝑘𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

(10) 

   

 

𝑤𝑖,𝑡 =  ∑ 𝑏𝑖,𝑗𝜆𝑖,𝑗,𝑡

𝑗

 

∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇,   𝑗 = 1 𝑢𝑛𝑡𝑖𝑙 𝑡ℎ𝑒 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑏𝑟𝑒𝑎𝑘𝑝𝑜𝑖𝑛𝑡𝑠 𝑖𝑛 𝑎 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 

(11) 
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∑ 𝜆𝑖,𝑗,𝑡,𝛼 = 1,

𝑛

𝑗=1

  ∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇, 𝛼 ∈ 𝐴 

 

(12) 

 
∑ 𝑣𝑖,𝑗,𝑡,𝛼 = 2 ,

𝑛

𝑗=1

     ∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇, 𝛼 ∈ 𝐴 

 

(13) 

 
𝜆𝑖,𝑗,𝑡,𝛼 ≤ 𝑣𝑖,𝑗,𝑡,𝛼  , ∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇, 𝛼 ∈ 𝐴, 𝑗 ∈ 𝐽 

 
(14) 

 
𝑣𝑖,𝑗,𝑡,𝛼 +𝑣𝑖,𝑗+𝑠,𝑡,𝛼 = 1,    

 ∀ 𝑖 ∈ 𝐼, 𝑡 ∈ 𝑇, 𝛼 ∈ 𝐴, 𝑗 ∈ 𝐽, 𝑠 = {2, … , 𝑛 − 1} 
(15) 

 

Inventory Balance 

 𝑠𝑡𝑜𝑐𝑘𝑝,𝑡 = 𝑖𝑠𝑡𝑜𝑐𝑘𝑝 + 𝑥𝑝,𝑡 − 𝑚𝑟𝑝𝑝,𝑡                      , 𝑡 = 𝑡0, ∀𝑝 ∈ 𝑃 (16) 

   

 𝑠𝑡𝑜𝑐𝑘𝑝,𝑡 = 𝑠𝑡𝑜𝑐𝑘𝑝,𝑡−1 + 𝑥𝑝,𝑡 − 𝑚𝑟𝑝𝑝,𝑡                      , 𝑡 ≠ 𝑡0, ∀𝑝 ∈ 𝑃 (17) 

   

 𝑠𝑡𝑜𝑐𝑘𝑝,𝑡 ≥ 𝑆𝑆𝑝                      , ∀𝑡 ∈ 𝑇, 𝑝 ∈ 𝑃 (18) 

Capacity 

 𝑇𝑊𝑆𝑖,𝑡 ≤ 1000 (19) 

 

Auxiliary Equations 

𝐶𝑂𝑝𝑝𝑝 = 𝑂𝑝𝑝𝑅𝑎𝑡𝑒 ∗ 𝐶𝑝 (20) 

  

 𝑆𝐶𝑃𝑝,𝑡 = 𝑠𝑡𝑜𝑐𝑘𝑝,𝑡 ∗ 𝐶𝑂𝑝𝑝𝑝 (21) 

   

 𝑆𝐶𝑆𝑖,𝑡 = ∑ 𝑠𝑡𝑜𝑐𝑘𝐶𝑜𝑠𝑡𝑝,𝑡

𝑝∈𝑃(𝑖)

 (22) 

   

 
𝑤𝑖,𝑡 = 𝑇𝑊𝑆𝑖,𝑡    

 
(23) 

 

 

The model presented can be explained as follows: First, the objective function (4) minimizes the total 

costs of the transportation activity, with its first term relating to the transportation costs directly, as a 
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function of the supplier and the cost structure that has been discussed previously; then the second term 

regards inventory costs, so it is the total cost for the analyzed period of time of the stock build-up.  

 Equation (5) relates to the quantity that should be ordered, of each product in each moment, stating 

that the quantity to order can only be one of the options that belongs to the set of lots, which define the 

fixed quantity sizes. Equation (6) uses the quantity to be ordered divided by the parameter of the number 

of parts per package in order to translate the quantity into package units.  

Equations (7) and (8) are calculations for the taxable weight. The first one is per product and shows how 

the taxable weight depends on the number of packages and the factor – which is the highest unitary 

value between weight and volume as explained in previous chapters. The second formula shows the 

summation for suppliers, according to the set of products of the supplier. For Portugal, these values do 

not interfere with transportation costs, however they are fundamental for the model for suppliers in Spain 

and France.  

Equation (9) relates to equation (3), as it is a constraint that forbids that more than one lot size is chosen 

for the quantity to be ordered for each product in each time period.  

Equation (10) and equation (11) represent the ordinates and abscissas values for the transportation cost 

calculation, as it has to be modeled following the linearization of piecewise function explained in the 

previous section. Equation (10) stands for the transportation cost, which is the sum of the possible 

ordinate breakpoints values multiplied by the lambda parameter that defines the two breakpoints “active” 

in that time period. The same logic follows for equation (11), however 𝑤𝑖,𝑡 represents the x-axis values 

of the breakpoints, meaning total taxable weight per supplier. Equation (12) is the statement that 

guarantees that the sum of parameters “lambda” equals one for each supplier in each time period – see 

section 5.2.2. for more detailed explanation. Equation (13) guarantees that only two binary variables 

𝑣𝑖,𝑗,𝑡,𝛼 are active and consequently only two breakpoints are selected in the cost function to define costs 

in that period of time. Thus, equation (15) guarantees that those two breakpoints are consecutive by 

preventing non-consecutive points of being active at the same time.  

Equations (16) to (17) concern inventory constraints. Both equation (16) and (17) are material balances, 

for the first time period and the following ones, respectively. Here is stated that inventory for a product 

during a week is the sum of stock from the previous week (or initial stock for equation 16) plus the 

quantity that is received that week minus the requirements of that material. Equation (18) guarantees 

that stock levels are never below the defined safety stock for the product. Capacity constraint is stated 

in equation (19). However, as explained before, this is not an actual physical constraint from the truck, 

but it regards the defined scope of this project in terms of maximum taxable weight that is studied to 

avail from the stepwise cost structures.  Equation (20) shows the calculation for the opportunity cost at 

which inventory is valued as the result between the opportunity rate chosen by the company and the 

price of the product.  

Then, equations (21) and (22) are support calculations that show how the inventory cost is calculated 

per product and then per supplier, by summing on the set of products belonging to the supplier. Equation 

(23) states that the total taxable weight per supplier is the value for the abscissas in the cost function.  



56 
 

6. Case Study Resolution  

The current chapter presents the results of the application of different approaches to the case study. As 

aforementioned, different scenarios were studied for the transportation costs’ problem at hands. First, 

the manual approach and the excel tool focus its scope on the development and analysis of delivery 

frequencies scenarios, and the impact of those scenarios in transportation costs and inventory, 

fundamentally. More specifically, two scenarios compose the basis of the analysis, being those the 

biweekly frequency scenario and the monthly frequency scenario. However, and given the specificity of 

some cost functions, a more customized analysis was sometimes performed with the goal of identifying 

a way in which the stepwise behaviors could be availed. This led to the development of another scenario 

for some of the suppliers: the quantity changes scenario, which aimed to increase orders by a few units, 

taking advantage of the cost function constant steps, building inventory unto a point where it could be 

possible to suppress a delivery.  

Secondly, for the mathematical model approach, the analysis aimed to assess the current delivery 

scenario of AE, comparing the optimum frequencies and costs obtained with the model presented in 

chapter 5 in order to identify improvement frequencies and scenarios in a more mathematical and 

grounded manner.  

6.1. Excel/Manual Resolution 

An initial approach to the problem, with the goal of better understanding it and comprehending the data, 

was performed by using the Microsoft Office’s Excel, as explained in chapter 5.1. This approach allowed 

to study manually the different scenarios, beginning with the understanding of the original transportation 

deliveries and moving towards the analysis of potential frequency reduction scenarios, as well as other 

detailed scenarios, as mentioned above.  

For each of the suppliers under analysis, an excel worksheet was constructed, with its main data. Given 

the prices’ behavior similarities in each of the countries under analysis, results will be clustered by 

countries to facilitate the reading and also to give a clearer notion of the different outcomes per region.  

6.1.1. Portugal Results 

For the Portuguese region, four suppliers fulfilled the criteria that were defined at the beginning of this 

analysis, and are presented in chapter 4, concerning transportation modes and strategies, weekly 

volumes, geographic location, among others. Consequently, a transportation scenarios analysis was 

performed for them.   

The scenarios analyzed for this region were biweekly and monthly transportation, however some of the 

suppliers only have a monthly transportation, due to the fact that the original scenario for them was 

already similar to, or almost, biweekly. Hence, only supplier 1 had a biweekly scenario analysis 

performed – as well as monthly – and the remaining three only present a monthly alternative. 

On table 6, the main results for the analysis can be found. This first table contains the results for the 

original values – forecasted by AE - , as well as both the biweekly scenario and monthly scenario studied 
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for each week, from eight to twenty, in the three areas under analysis: transportation, inventory and 

rental.  

 

Furthermore, the impact of both proposed hypothesis – biweekly and monthly - when compared to the 

values obtained from the original scenario are exposed in Table 7. This table contemplates the 

opportunity cost, as it is a comparison between scenarios that requires a strategic assessment. Values 

show, in green and red shades respectively, the positive impacts that represent savings and the negative 

impacts representing increased costs, in each area assessed as well as in the total sum of those items. 

The same results are presented in percentage in Table 8 and are extrapolated to a yearly basis in Table 

9, all contemplating the opportunity cost that the company assumes for studying scenarios with inventory 

repercussions. This structure holds for the following countries to be presented in this section 6.1.   

Table 7 - Impact (original vs. scenarios) for Portugal 

 

The analysis of these results show that scenarios for Portugal lead to a reduction in transportation costs, 

resulting in savings in transportation for all suppliers, which is visually seen by the totality of 

transportation scenarios having green colored shades. Transportation scenarios lead to, approximately, 

42% savings for supplier 1 in the biweekly scenario; and between 45% and 75% savings for all suppliers 

in monthly scenarios, as seen in Table 8.  

Table 9 - Annual Impact (original vs. scenarios) for Portugal 

 

Nevertheless, independently of how positive transportation scenarios might seem, they need to be 

confronted with the corresponding inventory rise that they encompass. Thus, is evident (see both Table 

7 and 8) that stock costs and rental costs fiercely increase with the frequency reduction. Stock increases 

Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 - 86,31 € 8,12 € 0,04 € - 78,15 € - 155,36 € 21,23 € 0,09 € - 134,04 €

Supplier 2 - 136,22 € 1 020,38 € 884,15 €

Supplier 3 - 77,82 € 654,65 € 0,57 € 577,39 €

Supplier 4 - 119,43 € 3 240,05 € 0,18 € 3 120,80 €

Impact
(WK 8-20)

Biweekly Monthly

Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 - 292,13 € 27,48 € 0,12 € - 264,52 € - 525,83 € 71,84 € 0,32 € - 453,67 €

Supplier 2 - 461,07 € 3 453,59 € 2 992,52 €

Supplier 3 - 263,40 € 2 215,73 € 1,92 € 1 954,26 €

Supplier 4 - 404,22 € 10 966,34 € 0,60 € 10 562,72 €

Annual     

Impact

Biweekly Monthly 

Table 6 – Original values and Scenarios Results for Portugal  

Transportation Inventory Rental Transportation Inventory Rental 

Supplier 1 -41,67% 30,08% 25,93% -75,00% 78,63% 66,67%

Supplier 2 -65,76% 47,17%

Supplier 3 -45,08% 54,55% 35,36%

Supplier 4 -69,19% 74,73% 62,50%

Impact (%)          
(WK 8-20)

Biweekly Monthly

Transportation Inventory Rental Transportation Inventory Rental Transportation Inventory Rental

Supplier 1 207,14 € 299,93 € 0,14 € 120,83 € 390,14 € 0,18 € 51,79 € 535,78 € 0,23 €

Supplier 2 207,14 € 24 036,41 € 70,92 € 35 373,95 €

Supplier 3 172,62 € 13 333,39 € 1,61 € 94,80 € 20 607,27 € 2,17 €

Supplier 4 172,62 € 48 174,61 € 0,29 € 53,19 € 84 175,21 € 0,46 €

Monthly
Weeks 8-20

Original Biweekly

Table 8 - Percentage Impact (original vs. scenarios) for Portugal 
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in proportions between 30% - for biweekly scenario – and a maximum of 79% for a monthly hypothesis, 

which means that inventory costs can be substantially higher for suppliers if a monthly frequency is 

implemented.  

This is to some extent an expected behavior, as the reduction of frequencies leads to stock build-up, as 

said before, and requires more space and higher investment in products that will be unused for longer. 

Hence, the rationale behind the valorization of stock is that capital invested in the excess inventory could 

have been monetized differently in an alternative financial application. 

 

In sum, there are significant savings in transportation, yet these savings are overlapped, mainly, by the 

inventory costs, which are a result of a combination of high product prices and an excessive opportunity 

cost (9%) that completely derails transportation scenario implementation. This leads to a total negative 

result, with increased costs for all suppliers except supplier 1, which has a global positive result and is 

a potential supplier to be changed to a biweekly or monthly scenario.  

Overall, results show that the only found exception to the aforementioned behavior was supplier 1, which 

showed total savings for both biweekly and monthly scenarios.  

6.1.2. Spain Results 

Regarding the Spanish region, the main difference comparatively to Portugal is the fact that there is one 

more scenario aside from biweekly and monthly, which is the quantity changes scenario. This scenario 

arose from the identification of delivery quantities that were too close from the end of a constant step in 

the piecewise cost function, and thus increasing the quantities twice or four times, would not lead to an 

actual avail of the piecewise cost structure. In this sense, the hypothetical scenario analyzed aimed to 

increase small quantities in each weekly delivery, with the final goal of reaching a week were it would 

not be necessary to have a delivery thanks to the stock build-up from previous weeks. Also, another 

difference is the fact that one supplier does not have a monthly scenario study, supplier 3, given the fact 

that this hypothesis would largely exceed the limit of taxable weight defined and, though an increase in 

quantity would naturally reduce unitary costs, it would not reflect the problem identified nor would it 

benefit from the recognized cost structure.   
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The main results, for week 8 to 20, obtained performing this study are summarized in Table 10, and the 

impact of those results when confronted with the original forecasted scenario can be found in Table 11 

, proportionally studied in Table 12 and extrapolated to yearly basis in Table 13.  

 

 

From the analysis of Table 10 and Table 11, it is possible to conclude that transportation scenarios 

analyzed result in savings for most suppliers, with exception of suppliers 3 and 5, for the quantity 

changes scenario. This is due to the fact that quantity changes scenarios proved to be a viable solution 

regarding transportation for suppliers with only one product, like supplier 1 and 4; yet unfortunately for 

suppliers with more parts it resulted in higher transportation costs, as can be seen with supplier 3 and 

5, for example. An explanation for this lies in the fact that for suppliers with several parts the quantities 

could be increased for all products – which would lead to a jump in the cost function, but could represent 

the possibility of less frequencies – or it could be increased for one product – which would not translate 

into less frequencies as it would still be necessary to pick the remaining products every week. Both 

these alternatives increase transportation costs when faced with the original scenarios.  

Besides the aforementioned exception, the remaining suppliers present savings in transportation for the 

assessed frequency hypothesis, with the lowest showing a modest 4% improvement and ranging 

towards a maximum of 42% savings when compared to the original. When it comes to inventory, the 

behavior is similar to the Portuguese case, with all suppliers presenting increased costs that are far 

superior to transportation savings. Overall, inventory ranges from 2% increase – for supplier 3 in 

biweekly scenario – to a 120% rise for supplier 4 in monthly scenario (See Table 12). 

 

Transportation Inventory Rental Total Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 127,58 €-          1 863,25 €     2,84 €               1 738,52 €      97,39 €-            32 876,73 €   4,51 €               32 783,86 €   

Supplier 2 423,63 €-          1 554,44 €     8,33 €               1 139,14 €      

Supplier 3 39,49 €-           4 615,81 €       2,89 €              4 579,21 €     115,23 €          224,46 €          0,03 €               339,71 €          

Supplier 4 156,38 €-          294,69 €        1,01 €               139,32 €          158,63 €-          7 395,87 €      1,16 €               7 238,39 €      

Supplier 5 9,51 €               5 912,65 €      0,57 €               5 922,74 €      

Impact           

(WK 8-20)

Biweekly Monthly Quantity changes

Table 11 - Original values and Scenarios Results for Spain 

Table 10 - Impact (original vs. scenarios) for Spain 
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Table 12 - Percentage Impact (original vs. scenarios) for Spain 

 

 

Rental results show an analogous comportment, with an increase for every supplier. Though these 

values are, for some suppliers, proportionally very high, they do not undermine transportations savings. 

 

On a global breakdown, it can be seen that results pinpoint transportation savings in the majority of the 

scenarios analyzed, but that these positive outcomes are then clouded by the stock repercussions, 

mainly in inventory itself, as was already seen with the Portuguese case.   

6.1.3. France Results 

For France, 8 suppliers were studied, with only biweekly and monthly scenarios, with the main results 

for the thirteen analyzed weeks being presented in Table 14 and their impact when faced with the original 

in Table 15. Given the fact, as explained for the Portuguese situation, that some suppliers already 

showed a behavior similar to a biweekly scenario, those were not analyzed under this hypothesis, but 

only for a monthly frequency alteration, as supplier 3 and 4.   

 

 

From the observation of Table 15, it can be concluded that, with the exception of supplier 4, all suppliers 

under analysis had a positive response when assessed with a frequency reduction scenario. However, 

supplier 4 shows increased costs for monthly scenarios, outcome that can be explained by the behavior 

of the transportation cost structure for this country, which has constant steps that are shorter than in 

Spain or Portugal, leading to situations in which the duplication of quantities would pass to the next 

piece of the piecewise function and thus the total value increases substantially.  

Transportation Inventory Rental Transportation Inventory Rental Transportation Inventory Rental 

Supplier 1 -20,07% 25,54% 24,31% -15,32% 3,65% 38,56%

Supplier 2 -28,70% 30,80% 28,20%

Supplier 3 -4,53% 2,40% 68,09% 13,22% 0,12% 0,27%

Supplier 4 -40,97% 31,74% 23,79% -41,56% 6,45% 27,33%

Supplier 5 1,25% 2,06% 26,08%

Impact (%)          
(WK 8-20)

Biweekly Monthly Quantity changes

Table 14 - Original values and Scenarios Results for France 

Transportation Inventory Rental Total Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 431,79 €-           6 306,40 €       9,63 €                5 884,23 €       329,62 €-           10 014,76 €    15,27 €             9 700,41 €       

Supplier 2 1 433,82 €-       5 261,19 €       28,19 €             3 855,57 €       

Supplier 3 133,67 €-           1 406,05 €       9,79 €                1 282,17 €       390,00 €           68,37 €             0,09 €                458,46 €           

Supplier 4 529,30 €-           997,43 €           3,42 €                471,55 €           536,92 €-           2 252,89 €       3,93 €                1 719,91 €       

Supplier 5 32,20 €             1 801,09 €       1,93 €                1 835,21 €       

Annual        

Impact

Biweekly Monthly Quantity changes

Transportation Inventory Rental Transportation Inventory Rental Transportation Inventory Rental

Supplier 1 1 353,08 € 20 081,10 € 31,70 € 1 275,89 € 31 950,30 € 40,95 € 1 318,43 € 58 458,18 € 64,07 €

Supplier 2 1 399,89 € 3 127,67 € 0,66 € 1 240,94 € 3 671,02 € 0,77 € 1 190,43 € 4 929,88 € 1,17 €

Supplier 3 313,04 € 6 873,77 € 1,89 € 0,00 € 0,00 € 0,00 € 268,60 € 12 997,37 € 2,53 €

Supplier 4 361,87 € 12 259,67 € 1,64 € 0,00 € 0,00 € 0,00 € 488,99 € 21 931,77 € 2,64 €

Supplier 5 568,66 € 97 529,95 € 0,33 € 385,21 € 130 465,29 € 17,13 € 376,39 € 313 632,00 € 26,99 €

Supplier 6 235,87 € 5 502,91 € 0,05 € 202,18 € 6 404,94 € 0,06 € 101,09 € 7 976,78 € 0,08 €

Supplier 7 641,85 € 24 128,40 € 4,66 € 533,27 € 28 762,46 € 5,36 € 492,32 € 42 664,62 € 7,43 €

Supplier 8 2 570,99 € 176 564,12 € 27,69 € 2 213,69 € 248 497,31 € 38,04 € 1 081,62 € 380 374,81 € 57,01 €

Original Biweekly Monthly 
Weeks 8-20

Table 13 - Annual Impact (original vs. scenarios) for Spain 
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Regarding the proportion of the impact, as seen in Table 16, transportation improvements range from 

merely 2% to a reduction of more than half the initial cost. Still, inventory impacts are substantially 

higher, taking values of more than 16% up to three times the original value.  

 

 

Table 17 shows the annual extrapolation of the impact of the analyzed scenarios, giving a clearer notion 

of the repercussions scenarios implementation could have for French suppliers.  

The empirical approach results presented in this chapter demonstrate the suitability of the developed 

scenarios, as the majority of them lead to improvements in transportation costs, when faced with the 

original scenarios, in the time range analyzed and consequently in the long term as well. Nonetheless, 

the excessive valuation given to inventory, which is highly inflated by the 9% opportunity cost 

considered, leads to the majority of transportation potential savings being irrelevant when compared to 

the enormous monetary impact in stock. The opportunity cost value used to perform this inventory 

valuation proved itself to be one of the most restrictive factors, and thus will be further analyzed in the 

sensitivity analysis in order to assess how it influences the performed analysis.   

Transportation Inventory Rental Transportation Inventory Rental 

Supplier 1 -5,70% 59,11% 29,17% -2,56% 191,11% 102,10%

Supplier 2 -11,35% 17,37% 15,75% -14,96% 57,62% 77,17%

Supplier 3 -14,20% 89,09% 33,60%

Supplier 4 35,13% 78,89% 60,82%

Supplier 5 -32,26% 33,77% 5050,57% -33,81% 221,58% 8014,77%

Supplier 6 -14,29% 16,39% 13,79% -57,14% 44,96% 41,38%

Supplier 7 -16,92% 19,21% 14,84% -23,30% 76,82% 59,37%

Supplier 8 -13,90% 40,74% 37,36% -57,93% 115,43% 105,85%

Impact (%)          
(WK 8-20)

Biweekly Monthly

Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 - 261,24 € 3 615,54 € 31,30 € 3 385,60 € - 117,28 € 11 690,25 € 109,55 € 11 682,52 €

Supplier 2 - 537,98 € 165,51 € 0,35 € - 372,12 € - 708,93 € 548,98 € 1,73 € - 158,22 €

Supplier 3 - 150,42 € 1 865,34 € 2,15 € 1 717,08 €

Supplier 4 430,24 € 2 946,27 € 3,38 € 3 379,89 €

Supplier 5 - 620,90 € 10 032,61 € 56,86 € 9 468,58 € - 650,75 € 65 828,01 € 90,23 € 65 267,49 €

Supplier 6 - 114,05 € 274,77 € 0,03 € 160,75 € - 456,19 € 753,58 € 0,08 € 297,46 €

Supplier 7 - 367,52 € 1 411,60 € 2,34 € 1 046,43 € - 506,12 € 5 646,42 € 9,37 € 5 149,67 €

Supplier 8 - 1 209,32 € 21 911,95 € 35,02 € 20 737,65 € - 5 040,93 € 62 083,87 € 99,22 € 57 142,16 €

Annual        

Impact

Biweekly Monthly

Transportation Inventory Rental Total Transportation Inventory Rental Total

Supplier 1 - 77,18 € 1 068,23 € 9,25 € 1 000,29 € - 34,65 € 3 453,94 € 32,37 € 3 451,65 €

Supplier 2 - 158,95 € 48,90 € 0,10 € - 109,94 € - 209,46 € 162,20 € 0,51 € - 46,75 €

Supplier 3 - 44,44 € 551,12 € 0,64 € 507,32 €

Supplier 4 127,12 € 870,49 € 1,00 € 998,61 €

Supplier 5 - 183,45 € 2 964,18 € 16,80 € 2 797,53 € - 192,27 € 19 449,18 € 26,66 € 19 283,58 €

Supplier 6 - 33,70 € 81,18 € 0,01 € 47,49 € - 134,78 € 222,65 € 0,02 € 87,89 €

Supplier 7 - 108,59 € 417,06 € 0,69 € 309,17 € - 149,54 € 1 668,26 € 2,77 € 1 521,49 €

Supplier 8 - 357,30 € 6 473,99 € 10,35 € 6 127,03 € - 1 489,37 € 18 342,96 € 29,31 € 16 882,91 €

Impact          
(WK 8-20)

Biweekly Monthly

Table 15 - Impact (original vs. scenarios) for France 

Table 17 - Percentage Impact (original vs. scenarios) for France 

Table 16 - Annual Impact (original vs. scenarios) for France 
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6.2. Model Resolution  

The current section covers the application of the mathematical model presented in section 5.2. to the 

case study, using the General Algebraic Modeling System (GAMS) software as the platform for model 

implementation. GAMS was chosen since it “is a high-level modeling system for mathematical 

programming and optimization, that consists of a language compiler and a stable of integrated high-

performance solvers, tailored for complex, large scale modeling applications, that allows the user to 

build large maintainable models that can be adapted quickly to new situations” (GAMS website, 2016). 

For the three countries under analysis, the mathematical model aims to provide the optimum quantity 

that should be ordered from every supplier in each time, having under consideration the material 

requirement planning of each product, and also guaranteeing that there is safety stock. The objective, 

as explained, is to provide this result by minimizing the transportation cost as well as the inventory cost 

resulting from the stock build-up.  

To present results, the structure followed in section 6.1. will also be respected, thus results will be 

separated by country and analyzed accordingly. Computational results are shown in Appendices 11, 12 

and 13.  

Furthermore, a sensitivity analysis on the most relevant parameter(s) will be performed in an aggregated 

manner, in order to assess how the alteration of the parameters affects the overall results.  

6.2.1. Portugal  

As explained before, for the Portuguese region 4 suppliers were targeted for analysis. Under this 

mathematical approach the goal was to assess how the optimization software would design a schedule 

of orders for suppliers, with specified quantities, for every week under analysis, with the underlying 

principal of minimizing transportation and inventory costs simultaneously.  

Results in terms of quantities to be ordered are presented exhaustively in Appendix 1, yet are 

summarized here in Table 18, as the total sum for the thirteen weeks, and discriminated by product and 

respective supplier for both the original forecast from AE (Total Quantity AE) and the quantity defined 

by the model (Total Quantity GAMS). At this point it can be seen that the total quantity to be ordered 

during the thirteen weeks was reduced and optimized by 10 512 units. 

 

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Quantity AE 312 27 000 30 000 40 000 2 160 3 456 2 160 4 200 4 200 10 000 123 488

TOTAL Quantity GAMS 286 27 000 22 500 40 000 2 160 3 672 1 728 3 500 4 130 8 000 112 976

Percentage change -8% 0% -25% 0% 0% 6% -20% -17% -2% -20% -9%

PORTUGAL

Supplier 2 Supplier 3 Supplier 4
TOTAL

Table 18 - Quantities to order for Portugal (original vs. GAMS) 
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Quantity reductions shown above, and in Appendix 1, along with relevant changes in order frequencies,  

lead to a reduction in terms of transportation costs that is shown below in Table 19, which summarizes 

information contained in Appendix 1, where is possible to see the specific costs for each supplier in each 

week, according to the quantity ordered. Global savings in transportation costs amount to approximately 

200€ for the thirteen weeks considered, which is a reduction of 25%. It is also important to notice that 

costs reduce for all suppliers, with exception of supplier 3, as some of its products show a small increase 

in frequency, which is sufficient to increase transportation costs for this supplier. It is important to notice 

that certain results’ behavior is repeated for some of the suppliers in the other countries analyzed, 

therefore the explanation for some odd comportments will be presented in chapter 6.2.4.  

Since the model contemplates the trade-off between transportation costs and inventory costs in order 

to provide the optimum solution that minimizes the sum of both, it is fundamental to also look at the 

inventory repercussions that the provided optimum result has.  

Therefore, Table 20 presents the aggregated results for the total stock quantities per product and their 

respective supplier following the structure of Table18. The complete results are in Appendix 4.  

It can be seen that inventory increases for products 1 and 10, and decreases for the remaining products, 

in terms of quantities. Regarding costs, shown in Table 21, the behavior is similar, with supplier 10 

having only a slight cost increase. 

  

Supplier Supplier 1 Supplier 2 Supplier 3 Supplier 4 TOTAL

Total Cost AE 207,14 € 207,14 € 172,62 € 172,62 € 759,53 €

Total Cost GAMS 34,52 € 189,88 € 207,14 € 138,10 € 569,65 €

Percentage change -83% -8% 20% -20% -25%

PORTUGAL

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Quantity AE 589 64 772 116 023 351 993 5 359 5 538 5 609 12 795 7 985 19 857 590 519

TOTAL Quantity GAMS 1 121 48 133 35 538 169 221 3 497 5 522 3 105 7 646 6 876 21 721 302 379

Percentage change 90% -26% -69% -52% -35% 0% -45% -40% -14% 9% -49%

PORTUGAL
Supplier 2 Supplier 3 Supplier 4

TOTAL

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Cost AE 299,93 € 5 083,28 € 14 201,22 € 4 751,91 € 10 014,42 € 11 711,81 € 26 448,38 € 7 880,90 € 4 918,13 € 534,36 € 85 844,34 €   

TOTAL Cost GAMS 570,96 € 3 768,80 € 4 349,83 € 2 284,49 € 6 535,28 € 11 678,71 € 14 639,63 € 4 709,54 € 4 235,25 € 584,51 € 53 357,00 €   

Percentage change 90% -26% -69% -52% -35% 0% -45% -40% -14% 9% -38%

PORTUGAL
Supplier 2 Supplier 3 Supplier 4

TOTAL

Table 19 - Transportation Costs for Portugal (original vs. GAMS) 

Table 20 – Inventory Quantity for Portugal 

Table 21 – Inventory Costs for Portugal 
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Also, as one of this thesis objectives was to consider the quantification of the environmental impacts, 

the CO2 emissions for both the original scenarios and for this optimum scenario proposed were also 

calculated, in order to provide transportation planners with an idea of what the repercussions of their 

decisions might be (Table 22). It can be seen that for this country, the difference in kg of CO2 is not so 

profound, however there is a slight improvement in the mathematical model results.  

 

6.2.2. Spain   

For this country, five suppliers were under study, leading to a total of 12 products. Table 23 summarizes 

the main results in terms of transportation quantities. The complete table with frequencies and quantities 

per week is in Appendix 2. The information presented in table 18 shows a total reduction of 750 units, 

which is not very significant, however the most interesting content appears by looking at each product 

independently, as this allows to see that only four of the products maintained the original quantities and 

the remaining either reduced or increased significantly.  

Table 23 - Quantities to order for Spain (original vs. GAMS) 

 

Regarding transportation costs, the total sum – shown in Table 24 - indicates that it could be slightly 

improved for the overall of the country. Nonetheless, when looking at each supplier it can be seen that 

there is a significant reduction for suppliers 1 and 4, that is then diminished by the increase in the 

remaining suppliers. These cost increases, as well as frequencies behavior, demand an analysis of the 

inventory quantities and costs, in order to assess if the increase of transportation frequencies/quantities 

is justified by a trade-off with the minimization of the excessive cost of inventory for this 

suppliers/products.  

 

Portugal Distance
Total Tax 

Weight 

Emissions 

(kg of CO2)

Supplier 1 220,50 197,59 1,37

Supplier 2 48,50 278,40 0,42

Supplier 3 453,00 287,71 4,09

Supplier 4 50,00 5515,65 8,66

Total 14,55

ORIGINAL

Portugal Distance
Total Tax 

Weight 

Emissions 

(kg of CO2)

Supplier 1 220,50 181,17 1,26

Supplier 2 48,50 240,90 0,37

Supplier 3 453,00 279,72 3,98

Supplier 4 50,00 5003,24 7,86

Total 13,46

GAMS 

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

TOTAL Quantity AE 3 420 3 000 3 000 3 200 4 200 5 310 41 000 4 000 3 900 100 800 1 900 3 230 176 960

TOTAL Quantity GAMS 3 540 3 600 4 200 3 000 4 200 5 040 41 000 3 600 3 120 100 800 1 900 2 210 176 210

Percentage change 4% 20% 40% -6% 0% -5% 0% -10% -20% 0% 0% -32% -0,42%

SPAIN

Supplier 2 Supplier 3 Supplier 4 Supplier 5
TOTAL

Table 22 - Emissions for Portugal 
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When analyzing inventory, it is possible to see in Table 25 and Appendix 5, that the total amount is 

reduced by roughly 16 000€ (≈5%), meaning that the GAMS results could optimize the quantity of 

products that are stored. Though this is the overall behavior, there are some exceptions in which the 

quantity increased substantially, namely for products 5 and 10.  

 

Looking into stock costs, in Table 26, the behavior accompanies what was stated above, with an overall 

positive result that reduces inventory costs in nearly 60 000€ (≈30%), yet with some cost increases for 

products 5 and 10.  

 

Furthermore, the optimum scenario provided by the model leads to total emissions presented in Table 

27, when compared to the original scenario the difference is approximately less 5kg of CO2.  

 

6.2.3. France  

There were eight suppliers targeted for the analysis in France, giving place to a total of 10 products. 

Starting with the calculation of orders and transportation costs, in Table 28 and 29, respectively, it can 

Spain Distance
Total Tax 

Weight 

Emissions 

(kg of CO2)

Supplier 1 620,50 8466,50 165,05

Supplier 2 641,00 3510,25 70,69

Supplier 3 905,00 12035,64 342,20

Supplier 4 1187,50 986,20 36,79

Supplier 5 906,50 9443,65 268,95

Total 614,73

GAMS

Spain Distance
Total Tax 

Weight 

Emissions 

(kg of CO2)

Supplier 1 620,50 8179,87 159,46

Supplier 2 641,00 2696,50 54,30

Supplier 3 905,00 12173,45 346,12

Supplier 4 1187,50 1596,27 59,55

Supplier 5 906,50 9518,15 271,07

Total 619,44

ORIGINAL

Supplier Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 5 TOTAL

Total Cost AE 633,18 € 436,10 € 871,44 € 381,74 € 762,44 € 3 084,89 €

Total Cost GAMS 583,72 € 533,08 € 883,07 € 215,18 € 825,23 € 3 040,27 €

Percentage change -8% 22% 1% -44% 8% -1%

SPAIN

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

TOTAL Quantity AE 6 805 15 639 15 467 8 695 4 344 6 810 70 908 11 273 20 101 143 361 12 462 11 400 327 264

TOTAL Quantity GAMS 4 382 8 146 7 826 10 146 10 146 6 909 53 424 5 346 11 194 175 209 14 065 3 947 310 738

Percentage change -36% -48% -49% 17% 134% 1% -25% -53% -44% 22% 13% -65% -5%

SPAIN

TOTAL
Supplier 2 Supplier 3 Supplier 4 Supplier 5

Supplier Supplier 1

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12

TOTAL Cost AE 81 060,21 € 28 613,27 € 27 461,97 € 963,32 € 481,22 € 1 809,20 € 15 003,41 € 2 256,40 € 8 220,50 € 22 422,42 € 1 823,65 € 1 592,39 € 191 707,96 €   

TOTAL Cost GAMS 52 195,98 € 14 903,73 € 13 894,95 € 1 057,58 € 1 124,06 € 1 835,50 € 11 304,02 € 1 070,03 € 4 577,84 € 29 109,15 € 2 058,26 € 551,25 € 133 682,35 €   

Percentage change -36% -48% -49% 10% 134% 1% -25% -53% -44% 30% 13% -65% -30%

SPAIN

TOTAL
Supplier 2 Supplier 3 Supplier 4 Supplier 5

Table 24 - Transportation Costs for Spain (original vs. GAMS) 

Table 25 - Inventory Quantity for Spain 

Table 26 - Inventory Costs for Spain 

Table 27 - Emissions for Spain 



66 
 

be seen that there is a reduction of quantities to be ordered for every product, except product 8, for 

which the optimum scenario shows an increase of about 2 000 units. The complete results are in 

Appendix 3. 

Table 28 - Quantities to order for France (original vs. GAMS) 

 

Concerning transportation costs, total sum rises up to a reduction of about 800€. Looking more 

specifically to each supplier, costs either reduce or maintain for the majority, with exception of supplier 

5 that shows an increase of roughly 50€.  

Table 29 - Transportation Costs for France (original vs. GAMS) 

 

When it comes to inventory, is possible to see, in Table 30 and Appendix 6, that the total amount of 

products in stock for the period under analysis is reduced by approximately 165 000 units (≈25%), with 

the reduction behavior being consistent for all products.   

 

Inventory costs also show an interesting decrease of 61 000€ (≈18%), sustained for all products under 

analysis. This result is expected and consistent with the above shown results, as a decrease in quantities 

also provokes a decrease in costs for this variable.  

 

Moreover, the CO2 emissions regarding this optimum French scenario are stated in table 32, in which it 

can be seen that there is a significant improvement from the mathematical model results, as the 

quantities are optimized, those results reflect into a diminution of approximately 200kg of CO2 in 

transportation activities under AE’s responsibility.  

Supplier Supplier 1 Supplier 3 Supplier 4 Supplier 5 Supplier 6 Supplier 8

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Quantity AE 124 000 7 560 5 130 108 000 26 600 2 112 910 38 250 12 000 2 208 326 770

TOTAL Quantity GAMS 122 000 4 050 4 050 90 000 26 600 1 696 780 40 500 12 000 2 112 303 788

Percentage change -2% -46% -21% -17% 0% -20% -14% 6% 0% -4% -7%

FRANCE

Supplier 2 Supplier 7
TOTAL

Supplier Supplier 1 Supplier 2 Supplier 3 Supplier 4 Supplier 5 Supplier 6 Supplier 7 Supplier 8 TOTAL

Total Cost AE 1 353,08 € 1 399,89 € 313,04 € 361,87 € 568,66 € 235,87 € 641,85 € 2 570,99 € 7 445,24 €

Total Cost GAMS 1 324,10 € 899,11 € 214,01 € 361,87 € 620,35 € 172,80 € 551,92 € 2 459,73 € 6 603,90 €

Percentage change -2% -36% -32% 0% 9% -27% -14% -4% -11%

FRANCE

Supplier Supplier 1 Supplier 3 Supplier 4 Supplier 5 Suuplier 6 Supplier 8

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Quantity AE 203024,00 15572,50 15511,50 282871,00 52982,70 2700,67 3154,00 64863,65 26762,95 2827,65 670 271

TOTAL Quantity GAMS 139267,85 7195,85 7735,85 215702,35 50423,40 1780,40 1923,70 55001,90 23344,75 2631,25 505 007

Percentage change -31% -54% -50% -24% -5% -34% -39% -15% -13% -7% -25%

FRANCE

TOTAL
Supplier 2 Supplier 7 

Supplier Supplier 1 Supplier 3 Supplier 4 Supplier 5 Suuplier 6 Supplier 8

Product P1 P2 P3 P4 P5 P6 P7 P8 P9 P10

TOTAL Cost AE 20 081,10 € 1 566,90 € 1 560,77 € 6 873,77 € 12 259,67 € 97 529,95 € 5 502,91 € 17 519,02 € 6 609,38 € 176 564,12 € 346 067,59 €   

TOTAL Cost GAMS 13 774,98 € 724,05 € 778,38 € 5 241,57 € 11 667,47 € 64 296,14 € 3 356,36 € 14 855,46 € 5 765,22 € 164 300,51 € 284 760,14 €   

Percentage change -31% -54% -50% -24% -5% -34% -39% -15% -13% -7% -18%

FRANCE

TOTAL
Supplier 2 Supplier 7 

Table 30 - Inventory Quantity for France 

Table 31 - Inventory Costs for France 
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Table 32 - Emissions for France 

 

 

6.2.4. General Conclusions  

Overall, the mathematical model aimed to provide the optimum quantities to be ordered from a supplier, 

having under consideration the possibility of availing piecewise transportation cost structures, leading 

to reduced frequencies that could cost the same per frequency and thus reducing transportation costs. 

At the same time, the model considered the minimization of inventory costs, which are highly dependent 

on the quantities to be ordered. Therefore, there was a challenge in trying to obtain the best combination 

of orders from each supplier and for each product while having the capacity to assess the trade-off 

between two fundamental costs for logistics. Given so, overall results for the countries under analysis 

are summarized in Table 33 and 34.  

Table 33 - Transportation Results 

 

Table 34 - Inventory Results 

 

From the analysis of each country, presented in the previous section, it can be seen that for some 

suppliers the transportation quantities were increased. This can be justified by the existence of the 

piecewise transportation costs, as the increase of quantities would avail from the constant step in which 

the taxable weight was already in, increasing the quantities but not necessarily the costs, and 

furthermore reducing frequencies that could result in transportation savings. This is the case of 

Portuguese supplier 1, as can be seen in Appendix 1 the quantities in each frequency were dramatically 

increased, however frequencies were reduced to only two, which resulted in major savings for that 

supplier in terms of transportation costs.  

Transportation

Total Original Quantity 123 488 176 960 326 770

Total GAMS Quantity 112 976 -8,5% 176 210 -0,4% 303 788 -7,0%

Total Original Cost 759,53 € 3 084,89 € 7 445,24 €

Total GAMS Cost 569,65 € -25,0% 3 040,27 € -1,4% 6 603,90 € -11,3%

PORTUGAL SPAIN FRANCE

Inventory

Total Original Quantity 590 519 327 264 670 271

Total GAMS Quantity 302 379 -48,79% 310 738 -5,05% 505 007 -24,66%

Total Original Cost 85 844,34€ 191 707,96€ 346 067,59€

Total Cost GAMS 53 357,00€ -37,84% 133 682,35€ -30,27% 284 760,14€ -17,72%

PORTUGAL SPAIN FRANCE
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However, the existence of a piecewise behavior can also further increase the transportation costs, 

because if it becomes necessary to increase the quantity to order, the resulting taxable weight could 

jump onto the next piece of the piecewise function and therefore would not benefit from the constant 

step in which it might had been previously. This is especially true for French suppliers, given the fact, 

as explained in previous sections, that the cost functions for this country show very small constant steps, 

so it becomes difficult to position different lot sizes in the same constant step. Furthermore, 

transportation costs are dependent of the total sum of a supplier’s products’ taxable weights, so the 

mere existence of one extra frequency that was not contemplated in the original case can increase the 

transportation costs, or position the total taxable weight in another point of the curve.  

Regarding inventory, there is also certain differences between suppliers, as some show an increase in 

costs and quantities and others a significant decrease. Given the fact that inventory valorization is fully 

proportional to the cost of the product, the rationale supporting these results is sustained on the high 

costs some of the products have and, simultaneously, on the very reduced costs some other possess, 

which allows the model to increase the quantity of those that are not that expensive – possibly reducing 

transportation frequencies and costs -  and therefore will not impact as strongly the final result as well 

as decrease the quantity – possibly also augmenting frequencies and resulting in higher transportation 

costs - , and consequently the stock costs, of those that are more costly.  

Concerning the environmental analysis, though it was not considered as a decision variable for the 

mathematical model to ponder in terms of objective function, it is paramount for companies to have at 

least a notion of what the ecological repercussions of their actions are, and therefore it would not be 

sensate to take decisions regarding the implementation of transportation scenarios – that so deeply 

affect the emissions of pollutants, especially in road transportation -  without at least being aware of the 

environmental impact. Results show, with certain obviousness, that when quantities are being reduced, 

the total sum of emissions follows the same trend.  

In sum, the application of an optimization model proved that there exist some alternatives that the 

company might be exploring and that can further reduce costs in the logistics area. It is clear that the 

optimum scenarios presented here, though possible, might be subject to considerations that were not 

taken into account and might not be known, or communicated, by the company as: supplier capacity 

constraints, different safety stocks due to untrusted suppliers, change in transportation rates, among 

others.  

6.3. Scenarios Comparison  

Overall, the two different approaches applied to the case study led to different results that are 

summarized in Table 35. This table shows the total costs for all scenarios analyzed under the current 

conditions (opportunity cost) and its percentage comparison to the original scenario – green and 

negative means savings and red and positive means increased costs. From its observation, along with 

the results that were shown in section 6.1 and 6.2. it is possible to conclude that, though manual 

scenarios have very positive transportation savings for mostly all suppliers, their total results are deeply 

jeopardized by the increased inventory costs, resulting in final values that are not so advantageous for 

all suppliers.  
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On the other hand, the mathematical formulation proved to significantly optimize the current scenario by 

values between 16% and 37%, as seen in Table 35, and thus revealing that the current methodology of 

orders forecasting might not be the most advantageous for the company.  

Table 35 - Comparison of total results for the different approaches 

 

6.4. Sensitivity Analysis 

During the development of this work, and especially at the first steps of the manual approach explained 

in section 5.1., there was a constant preoccupation regarding the parameter of opportunity cost 

considered by the company. This value is directly related to inventory valorization, as explained in 

section 4.2., since the calculation is based on the multiplication of the average stock level, the product 

price and the opportunity cost. The value used by AE, and consequently for all the analysis shown up 

to this point, is 9%, meaning that the company assumes that the money that is tied up in inventory could 

result in an interest rate of 9% if invested in an alternative financial application. Given the current market 

and financial conditions, this does not seem like a feasible scenario, which is why this parameter is 

further studied in this section, in order to assess how its reduction, to more real values, could impact the 

analysis previously presented.  

Starting with the manual approach, it could be seen in the presented results, in section 6.1., that the 

scenarios analyzed – biweekly and monthly – show transportation savings for the majority of the 

suppliers, but that these savings are then undermined by the high inventory costs that they encompass.  

If the opportunity cost considered was closer to reality, transportation frequency scenarios could actually 

result in overall savings for suppliers, as is analyzed and shown in Table 36, for biweekly scenarios and 

in Table 37 for monthly scenarios.   

 

TOTAL COSTS 

ORIGINAL 8 485,52€ 20 338,61€ 38 591,32€

BIWEEKLY 8 407,33€ -1% 20 807,61€ 2% 48 725,71€ 26%

MONTHLY 12 932,99€ 52% 23 630,03€ 16% 81 184,74€ 110%

QUANTITY CHANGES 24 370,10€ 20%

MODEL GAMS 5 371,78€ -37% 15 071,68€ -26% 32 232,31€ -16%

MANUAL 

PORTUGAL SPAIN FRANCE

Biweekly Scenario

Week 8 to 20 Original 0,09 0,08 0,07 0,06 0,05 0,04 0,03

Transportation Cost 759,53 €        673,22 €        673,22 €        673,22 €        673,22 €        673,22 €        673,22 €        673,22 €        

Inventory Cost 7 725,99 €     7 734,11 €     6 874,76 €     6 015,42 €     5 156,07 €     4 296,73 €     3 437,38 €     2 578,04 €     

Sum 8 485,52 €     8 407,33 €     7 547,98 €     6 688,64 €     5 829,29 €     4 969,95 €     4 110,60 €     3 251,25 €     

Percentage change -1% -11% -21% -31% -41% -52% -62%

Difference to Original 78,19 €-          937,54 €-        1 796,88 €-    2 656,23 €-    3 515,57 €-    4 374,92 €-    5 234,26 €-    

Transportation Cost 3 084,89 €     3 045,40 €     3 045,40 €     3 045,40 €     3 045,40 €     3 045,40 €     3 045,40 €     3 045,40 €     

Inventory Cost 17 253,72 €  17 762,21 €  15 788,63 €  13 815,05 €  11 841,48 €  9 867,90 €     7 894,32 €     5 920,74 €     

Sum 20 338,61 €  20 807,61 €  18 834,04 €  16 860,46 €  14 886,88 €  12 913,30 €  10 939,72 €  8 966,14 €     

Percentage change 2% -7% -17% -27% -37% -46% -56%

Difference to Original 469,00 €        1 504,58 €-    3 478,15 €-    5 451,73 €-    7 425,31 €-    9 398,89 €-    11 372,47 €- 

Transportation Cost 7 445,24 €     6 526,08 €     6 526,08 €     6 526,08 €     6 526,08 €     6 526,08 €     6 526,08 €     6 526,08 €     

Inventory Cost 31 146,08 €  42 199,63 €  37 510,78 €  32 821,93 €  28 133,08 €  23 444,24 €  18 755,39 €  14 066,54 €  

Sum 38 591,32 €  48 725,71 €  44 036,86 €  39 348,01 €  34 659,16 €  29 970,32 €  25 281,47 €  20 592,62 €  

Percentage change 26% 14% 2% -10% -22% -34% -47%

Difference to Original 10 134,38 € 5 445,54 €    756,69 €        3 932,16 €-    8 621,01 €-    13 309,85 €- 17 998,70 €- 

INVENTORY OPPORTUNITY COST

FRANCE

PORTUGAL

SPAIN

Table 36 - Sensitivity analysis for manual biweekly scenario 
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From left to right, the first column of the above table shows the total values for the original scenario, 

which are the values originally forecasted by AE for the period under analysis. Following are the total 

results for the biweekly scenario in each of the countries. Remembering that some suppliers were not 

analyzed for biweekly or monthly, as explained in section 6.1., the calculation for this total sum in those 

cases is performed by maintaining the values for the original scenario for all suppliers, except the one(s) 

that has a frequency scenario analysis, and adding the new scenario values. Next columns present the 

results of the biweekly scenario if inventory was to be valued at the opportunity rate in the top of the 

column. The same structure holds for the following tables 36, 37 and 38.  

In Portugal only one supplier was targeted for biweekly scenario, and it represents a positive outcome, 

therefore, the total results for this scenario in this country is always positive. Examining the variation of 

opportunity cost, it is clear that if valorization was closer to 4% or 3% the savings could amount up to 

5 000 € for the analyzed weeks, and up to 16 000€ per year.  

France also has a positive result throughout this scenario, but, as with Portugal, if the opportunity cost 

was altered the savings could be more than 25 000€, which could translate into approximately 80 000€ 

per year.  

Spanish suppliers, however, would only benefit from a biweekly scenario if opportunity cost decreased 

to 7%.  

When it comes to monthly scenarios, shown in Table 37, it can be seen that inventory valuation has a 

more profound impact, since the establishment of a monthly scenario means that significantly more 

products need to be stored since the delivery until the point where they are needed in the production 

line, translating into clearly larger costs for this variable. Nonetheless, Spain shows a positive outcome 

even with the 9% rate, and for Portugal and France monthly scenarios would represent a positive 

situation with overall savings if opportunity cost was reduced to 5% and 3% respectively. 

  

Concerning the last scenario, which was only considered for the Spanish suppliers, of quantity changes 

(in Table 38), the sensitivity analysis of the opportunity cost for inventory valorization shows that for 

Monthly Scenario

Week 8 to 20 Original 0,09 0,08 0,07 0,06 0,05 0,04 0,03

Transportation Cost 759,53 €        270,69 €        270,69 €        270,69 €        270,69 €        270,69 €        270,69 €        270,69 €        

Inventory Cost 7 725,99 €     12 662,30 €  11 255,38 €  9 848,45 €     8 441,53 €     7 034,61 €     5 627,69 €     4 220,77 €     

Sum 8 485,52 €     12 932,99 €  11 526,07 €  10 119,15 €  8 712,23 €     7 305,30 €     5 898,38 €     4 491,46 €     

Percentage change 52% 36% 19% 3% -14% -30% -47%

Difference to Original 4 447,47 €    3 040,55 €    1 633,63 €    226,71 €        1 180,22 €-    2 587,14 €-    3 994,06 €-    

Transportation Cost 3 084,89 €     2 678,38 €     2 678,38 €     2 678,38 €     2 678,38 €     2 678,38 €     2 678,38 €     2 678,38 €     

Inventory Cost 17 253,72 €  20 951,65 €  18 623,69 €  16 295,73 €  13 967,77 €  11 639,81 €  9 311,85 €     6 983,88 €     

Sum 20 338,61 €  23 630,03 €  21 302,07 €  18 974,11 €  16 646,15 €  14 318,19 €  11 990,23 €  9 662,27 €     

Percentage change 16% 5% -7% -18% -30% -41% -52%

Difference to Original 3 291,42 €    963,46 €        1 364,50 €-    3 692,46 €-    6 020,42 €-    8 348,38 €-    10 676,34 €- 

Transportation Cost 7 445,24 €     5 317,86 €     5 317,86 €     5 317,86 €     5 317,86 €     5 317,86 €     5 317,86 €     5 317,86 €     

Inventory Cost 31 146,08 €  75 866,89 €  67 437,23 €  59 007,58 €  50 577,92 €  42 148,27 €  33 718,62 €  25 288,96 €  

Sum 38 591,32 €  81 184,74 €  72 755,09 €  64 325,44 €  55 895,78 €  47 466,13 €  39 036,47 €  30 606,82 €  

Percentage change 110% 89% 67% 45% 23% 1% -21%

Difference to Original 42 593,42 € 34 163,76 € 25 734,11 € 17 304,46 € 8 874,80 €    445,15 €        7 984,51 €-    

INVENTORY OPPORTUNITY COST

France

Portugal

Spain

 Table 37 - Sensitivity analysis for manual monthly scenario 
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lower values of the parameter, the scenario improves and becomes more advantageous, with the 

possibility of reducing total costs up to 50%. 

 

In terms of the mathematical approach, it is possible to see in Table 39 that, even for the 9% valuation, 

GAMS software obtained better overall results, with reductions of more than 16% compared to the 

original forecasted by AE.  

Even though there are improvements for all suppliers, with the current rate, it can be observed, in the 

succeeding columns, that the different values of opportunity cost generate different results, both in 

transportation and inventory. It is obvious that the overall valuation of inventory is reduced, as the rate 

reduces. However, in order to assess the underlying cost, the “Inventory w/out Opp cost” was analyzed 

in the last row for each country, taking under consideration the “raw” cost of stock, meaning the 

multiplication of quantity and product price, without further opportunity cost valorization. This was 

performed in order to assess whether the decreasing behavior was due to the multiplication of the same 

basis value by the lower opportunity cost or if there was differences in the behavior resulting from the 

differences in quantities ordered. Results shows that inventory costs have a tendency to increase, 

justified by the increase in quantities ordered that also lead to the reduction of transportation costs that 

is perceivable in Table 39. Appendixes 7, 8 and 9 show the detailed behavior of orders to be placed 

under the influence of different stock valuation rates.  

In sum, with values for the opportunity cost rate from 5% downwards, costs could be reduced in 

approximately 50% for all regions analyzed.   

  

Quantity Changes 

Week 8 to 20 Original 0,09 0,08 0,07 0,06 0,05 0,04 0,03

Transportation Cost 3 084,89 €    2 956,22 €    2 956,22 €    2 956,22 €    2 956,22 €    2 956,22 €    2 956,22 €    2 956,22 €     

Inventory Cost 17 253,72 € 21 413,88 € 19 034,56 € 16 655,24 € 14 275,92 € 11 896,60 € 9 517,28 €    7 137,96 €     

Sum 20 338,61 € 24 370,10 € 21 990,78 € 19 611,46 € 17 232,14 € 14 852,82 € 12 473,50 € 10 094,18 €   

Percentage change 20% 8% -4% -15% -27% -39% -50%

Difference to Original 4 031,49 €   1 652,17 €   727,15 €-       3 106,47 €-   5 485,79 €-   7 865,11 €-   10 244,43 €-  

INVENTORY OPPORTUNITY COST

SPAIN

Week 8 to 20 Original 0,09 0,08 0,07 0,06 0,05 0,04 0,03

Transportation Cost 759,53 €           569,65 €           569,65 €           535,12 €           535,12 €           535,12 €           466,07 €           448,81 €           

Inventory Cost 7 725,99 €       4 802,13 €       4 268,56 €       3 768,19 €       3 588,75 €       2 691,56 €       2 216,11 €       1 675,79 €       

Sum 8 485,52 €       5 371,78 €       4 838,21 €       4 303,31 €       4 123,87 €       3 226,69 €       2 682,18 €       2 124,60 €       

Percentage Change -37% -43% -49% -51% -62% -68% -75%

Inventory w/out Opp cost 85 844,34 €    53 357,00 €    53 357,00 €    53 831,29 €    59 812,54 €    53 831,29 €    55 402,69 €    55 859,53 €    

Transportation Cost 3 084,89 €       3 040,27 €       3 040,27 €       3 040,27 €       2 981,97 €       2 981,97 €       2 796,52 €       2 783,89 €       

Inventory Cost 17 253,72 €     12 031,41 €     10 696,22 €     9 357,76 €       8 078,36 €       6 733,34 €       5 561,14 €       4 200,21 €       

Sum 20 338,61 €     15 071,68 €     13 736,49 €     12 398,04 €     11 060,33 €     9 715,31 €       8 357,66 €       6 984,11 €       

Percentage Change -26% -32% -39% -46% -52% -59% -66%

Inventory w/out Opp cost 191 707,96 € 133 682,35 € 133 702,76 € 133 682,35 € 134 639,32 € 134 666,73 € 139 028,45 € 140 007,06 € 

Transportation Cost 7 445,24 €       6 603,90 €       6 603,90 €       6 534,78 €       6 534,78 €       6 534,78 €       6 534,78 €       6 515,65 €       

Inventory Cost 31 146,08 €     25 628,41 €     22 780,81 €     19 996,72 €     17 140,04 €     14 283,37 €     11 426,70 €     8 584,84 €       

Sum 38 591,32 €     32 232,31 €     29 384,71 €     26 531,50 €     23 674,82 €     20 818,15 €     17 961,47 €     15 100,49 €     

Percentage Change -16% -24% -31% -39% -46% -53% -61%

Inventory w/out Opp cost 346 067,59 € 284 760,14 € 284 760,14 € 285 667,40 € 285 667,40 € 285 667,40 € 285 667,40 € 286 161,32 € 

INVENTORY OPPORTUNITY COST

France

Spain

Portugal

Table 38 - Sensitivity analysis for manual quantity changes scenario 

Table 39 - Sensitivity analysis for mathematical model results 
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7. Conclusions and Future Work  

The importance of transportation in the current world is an undeniable fact, and its prominence is 

translated into every logistic activity and throughout every company’s supply chain. The operation of 

transportation is indispensable as it provides the link between echelons and guarantees that products 

are moved from origin to destination. However, it can account for an enormous part of logistics costs 

and its efficiency can strongly impact other areas down the chain, whether positively or negatively. Given 

so, the optimization of transportation activities is constantly pursued by organizations in order to obtain 

a more efficient and reliable supply chain.  

This thesis addresses a car manufacturer, Volkswagen Autoeuropa, that is an example of that, and it is 

precisely due to their commitment to improvement that this work arose, under the scope of its supply 

chain and transports activities, with specific focus on inbound logistics and the challenges the logistics 

department encompasses when trying to incorporate transportation costs specificities into transportation 

and replenishment decisions. Thus the objective of this work was to analyze current scenarios at 

Autoeuropa, as well as develop and analyze further possible scenarios for the company to take into 

consideration and provide them with a useful tool for transportation planners and whoever may concern 

in the logistics department.  

Hence, this thesis presented a problem introduction with further analysis of the factory’s inbound 

logistics activities and flows, as well as relevant information regarding that area. From this section is 

possible to retain the history and characterization of the company, with information such as facilities, 

production strategy, and target markets, among others. Most importantly, inbound transportation 

activities can be understood with more detail as well as transportation strategies, concluding that the 

most used strategy for cargo movement is by road and that there are three fundamental strategies for 

supply transportation: Direct Relations, Milk-Runs and Regional Transportation. Later on this work one 

can comprehend that the focus of this thesis falls into Regional Transportation.   

In order to investigate current state of the art and identify relevant approaches to be considered, a 

literature review regarding supply chain and transportation topics is performed. From this literature 

review is possible to conclude that transportation has been strongly studied throughout the years in the 

academic sector, however, the specificities of incorporating non-traditional transportation costs 

structures have been a bit neglected. Nevertheless, there are authors who have had significant 

contributions in the matter of transportation problems with piecewise cost functions, with several 

differences. Under this analysis, the problem studied was identified as a single-sink transportation 

problem with piecewise cost function, generalized by the fixed-charge transportation problem.  

The more profound comprehension of the problem, and the proximity to Autoeuropa’s practices and 

everyday needs, led to the development of different approaches for solving this problem. First, a more 

manual approach was undertaken, with the goal of assessing scenarios for different transportation 

frequencies or quantities that could take advantage of the stepwise cost function behavior and thus 

could reduce transportation costs. Clearly, the impacts on inventory and rental of this hypothesis had to 

be taken into consideration. Results for this manual approach showed that there is an unexplored 
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potential in transportation costs reduction, but that this potential is destroyed by the increased inventory 

costs that they imply.  

This approach led to the construction of a tool in Microsoft Office Excel, since is the most used software 

in AE, that allows to evaluate every supplier on two different transportation frequency scenarios and 

returns the results in terms of transportation, inventory and rental costs, compared to already existing 

scenarios, so transportation planners can perform a quick study of any supplier in order to establish 

whether or not it is worth to analyze more exhaustively the possibility they have in mind. This tool was 

validated at AE and presented to Logistics and Supply Chain top managers, as well as transportation 

planners and analysts who are directly responsible for guaranteeing that cargo arrives from the supplier 

at the needed time and are also capable of proposing alterations and scenarios to the current status as 

they are the most direct link between AE, carriers and suppliers. All of the aforementioned groups 

emphasized the usefulness of this tool and the clear advantages of the platform in which it was 

developed. In order to help users that might not be familiar with the tool, a manual was written with the 

description of every step that needs to be performed, as well as an explanation of the code underneath 

the tool for increased comprehension.  

Following, and in order to test, validate and improve the current scenario at Autoeuropa, a mathematical 

model was developed and implemented. Results obtained showed that there is potential for savings, 

both in transportations and inventory, when the analysis is performed simultaneously, as is in the model, 

in order to identify what the best trade-offs are according to the transportation prices and products prices. 

Nonetheless, several assumptions and simplifications had to be made in order to obtain significant value 

adding results without compromising computational time. Thus it is necessary to take into account that 

there is an inherent uncertainty in some parameters and accuracy might be diminished due to 

simplifications and assumptions.   

So as to assess the robustness of the obtained results, a sensitivity analysis was performed on the 

parameter that represented the most uncertainties, which was the opportunity cost that revealed itself 

as being extremely high when faced with current market condition and thus increased inventory costs 

tremendously. From this it is possible to conclude that the company needs to revise its current inventory 

policy as it does not seem to be aligned with present conditions and therefore might be precluding the 

implementation of different scenarios that could be, in fact, very advantageous.  

Furthermore, AE needs to analyze the scenarios that are proposed in the development of this thesis, in 

order to understand if there is, in fact, potential for improvement as it is proven by the results obtained. 

From the analysis that is presented in Chapter 6, it is possible to observe that all the scenarios analyzed 

imply improvements in transportation when compared to the original scenario. Regarding the manual 

approach, given the current opportunity cost values there are only a few scenarios with total savings. 

However, as seen in the sensitivity analysis, the actualization of this value will allow to study new very 

advantageous scenarios that could result in total savings of more than 50% faced with the current cost.  

When it comes to the optimization model, despite the current inventory valorization policy, results are 

substantially improved, with savings that range from 16% to 37% for the overall costs, which is a very 

attractive situation that the company needs to urgently study.  



74 
 

In order to assess this potential, they should confront results with their current forecasting methods and 

capacities, as well as understanding if there are constraints that might not have been considered that 

could hamper the obtainment of better results. Overall, it seems to be an unexplored potential for more 

efficient decisions in transportation, which, giving the fact that inventory policies should be revised, could 

concretize into very favorable conditions.  

Given the limited scope that was necessary to obtain meaningful results in the time devoted to the 

development of this work, there are some opportunities for improvement or additional efforts that could 

be taken into account for future development, such as:  

Broadening the scope of the analysis by relaxing or eliminating criteria that had to be use to narrow the 

sample of suppliers. It would be interesting to analyze suppliers under different transportation strategies, 

not only road transportation as was performed in this work. Also, this will allow to assess more distant 

suppliers from which Autoeuropa might avail even more from the study of different frequencies.  

In the same sense, it would be interesting to relax the capacity constraint of 1 ton that was applied due 

to the identified heterogeneity in transportation costs structure that was perceived from there. Though 

this heterogeneity was identified, it was not possible to assess if the piecewise behavior did not exist for 

higher quantities. There might be cost structures for higher cargo weights that were not assessed and 

from which it might be interesting to have more knowledge in order to identify savings potential.  

Besides, broadening the sample of suppliers to analyze allows to comprehend better the carrier’s cost 

structures to those destinations and to identify more situations of piecewise costs function.  

Furthermore, it becomes necessary to verify the applicability of the proposed scenarios with the 

suppliers, as they can be unable to perform them or might not have capacity to support the scenarios.  

Regarding AE capacity, it would be important to evaluate if there are any existing capacity limitations in 

the warehouse, since this constraints were assumed to be non-existing for the scope of this project.  

More specifically about the mathematical model, one of the points that was not modeled as an objective 

was the environmental impact of scenarios. Nonetheless, as referred, this is a very sensitive and 

important topic that should be taken into account, therefore an idea for future work would be to 

simultaneously model costs and environmental impact as an objective function, perhaps in a bi-objective 

mixed integer linear programming that could show the best planning of orders to minimize those 

variables. In this ambit, it would be important to improve the manner in which emissions are considered 

along with transportation frequencies, so that there is a strong penalization for higher frequencies, since 

it is clear that, even though the same quantities are being transported, whether it is performed in ten 

trips or in two it will not bear the same environmental repercussions.  

To conclude, though there are aspects that can be improved in future steps, it is expected that this work 

stands as a meaningful contribution to the academic community regarding the study of piecewise 

transportation cost functions in a real example and that the developed analysis and tools can be of 

extensive usefulness for the decision making process of Autoeuropa’s transportation planners.     
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Appendix 1 – Orders to be placed per product and transportation costs for Portugal: AE Original Forecast vs. GAMS 

  

  

SUPPLIER TRANSPORTATION 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL 

Supplier 1 Cost AE 17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       207

Cost GAMS 17,3 €       -  €         -  €         -  €         -  €         -  €         17,3 €       -  €         -  €         -  €         -  €         -  €         -  €         35

Supplier 2 Cost AE 17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       207

Cost GAMS 17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       190

Supplier 3 Cost AE 17,3 €       -  €         17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       173

Cost GAMS 17,3 €       17,3 €       17,3 €       17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       207

Supplier 4 Cost AE 17,3 €       17,3 €       17,3 €       17,3 €       -  €         -  €         17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       173

Cost GAMS 17,3 €       17,3 €       -  €         -  €         -  €         17,3 €       -  €         17,3 €       17,3 €       17,3 €       17,3 €       17,3 €       -  €         138

PRODUCT 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

P1 Quantity AE 26 26 26 26 0 26 26 26 26 26 26 26 26 312

Quantity GAMS 104 0 0 0 0 0 182 0 0 0 0 0 0 286

P2 Quantity AE 3000 0 3000 3000 0 3000 3000 3000 0 3000 3000 0 3000 27000

Quantity GAMS 3000 0 3000 3000 0 0 3000 3000 3000 0 3000 3000 3000 27000

P3 Quantity AE 1500 4500 4500 4500 0 3000 1500 1500 1500 1500 3000 1500 1500 30000

Quantity GAMS 1500 3000 1500 1500 0 1500 3000 1500 4500 0 1500 1500 1500 22500

P4 Quantity AE 0 20000 0 0 0 0 0 20000 0 0 0 0 0 40000

Quantity GAMS 0 0 0 0 0 0 20000 0 0 0 0 20000 0 40000

P5 Quantity AE 216 0 216 216 0 216 216 216 432 0 216 0 216 2160

Quantity GAMS 216 0 216 216 0 0 216 216 216 216 0 216 432 2160

P6 Quantity AE 216 432 216 216 0 432 216 216 432 216 216 216 432 3456

Quantity GAMS 216 216 432 216 0 216 432 216 432 216 432 432 216 3672

P7 Quantity AE 216 0 216 216 0 216 216 216 216 0 216 216 216 2160

Quantity GAMS 216 0 216 0 0 216 216 216 216 0 216 216 0 1728

P8 Quantity AE 700 0 0 700 0 0 700 0 700 0 700 0 700 4200

Quantity GAMS 0 700 0 0 0 700 0 700 0 700 0 700 0 3500

P9 Quantity AE 0 700 0 700 0 0 700 0 700 0 700 700 0 4200

Quantity GAMS 700 700 0 0 0 700 0 210 700 210 210 700 0 4130

P10 Quantity AE 0 0 2000 0 0 0 2000 0 0 2000 0 2000 2000 10000

Quantity GAMS 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0 8000
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Appendix 2 – Orders to be placed per product and transportation costs for Spain: AE Original Forecast vs. GAMS 

 

 

SUPPLIER PRODUCT 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL 

Supplier 1 P1 Quantity AE 300 360 300 240 0 300 360 240 180 300 300 240 300 3420

Quantity GAMS 0 300 300 180 0 360 360 300 360 300 360 360 360 3540

Supplier 2 P2 Quantity AE 0 0 0 600 0 0 600 0 600 0 600 0 600 3000

Quantity GAMS 0 600 0 0 0 600 600 0 600 0 600 0 600 3600

P3 Quantity AE 600 0 0 0 0 600 600 0 0 600 0 600 0 3000

Quantity GAMS 600 0 600 0 0 600 0 600 0 600 0 600 600 4200

Supplier 3 P4 Quantity AE 0 0 0 200 0 400 400 800 400 0 400 200 400 3200

Quantity GAMS 0 0 0 200 600 200 200 800 200 200 0 200 400 3000

P5 Quantity AE 400 400 200 200 0 400 400 400 400 400 400 400 200 4200

Quantity GAMS 1000 200 200 0 1200 200 0 0 0 600 400 0 400 4200

P6 Quantity AE 450 450 450 180 0 540 540 450 270 540 450 450 540 5310

Quantity GAMS 360 360 450 360 180 270 720 180 810 180 270 720 180 5040

P7 Quantity AE 4000 4000 4000 2000 0 4000 4000 3000 3000 3000 4000 3000 3000 41000

Quantity GAMS 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000 41000

Supplier 4 P8 Quantity AE 1000 0 0 0 0 1000 0 0 1000 0 0 0 1000 4000

Quantity GAMS 0 400 200 200 0 400 400 200 400 200 400 400 400 3600

P9 Quantity AE 780 0 780 0 0 0 780 0 0 780 0 0 780 3900

Quantity GAMS 0 0 0 780 0 0 780 0 0 1560 0 0 0 3120

Supplier 5 P10 Quantity AE 8400 8400 16800 0 0 8400 8400 8400 8400 8400 8400 8400 8400 100800

Quantity GAMS 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400 100800

P11 Quantity AE 0 0 0 0 0 0 1900 0 0 0 0 0 0 1900

Quantity GAMS 0 0 0 0 0 0 1900 0 0 0 0 0 0 1900

P12 Quantity AE 340 340 340 170 0 170 340 170 170 340 170 340 340 3230

Quantity GAMS 0 170 170 170 0 340 170 170 340 170 170 170 170 2210

SUPPLIER TRANSPORTATION 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 Cost AE 53,99 € 53,99 € 53,99 € 52,48 € 0,00 € 53,99 € 53,99 € 52,48 € 43,81 € 53,99 € 53,99 € 52,48 € 53,99 € 633,18 €

Cost GAMS 0,00 € 53,99 € 53,99 € 43,81 € 0,00 € 53,99 € 53,99 € 53,99 € 53,99 € 53,99 € 53,99 € 53,99 € 53,99 € 583,72 €

Supplier 2 Cost AE 47,93 € 0,00 € 0,00 € 47,93 € 0,00 € 47,93 € 52,62 € 0,00 € 47,93 € 47,93 € 47,93 € 47,93 € 47,93 € 436,10 €

Cost GAMS 47,93 € 47,93 € 47,93 € 0,00 € 0,00 € 50,84 € 47,93 € 47,93 € 47,93 € 47,93 € 47,93 € 47,93 € 50,84 € 533,08 €

Supplier 3 Cost AE 69,54 € 69,54 € 68,77 € 66,86 € 0,00 € 84,56 € 84,56 € 68,77 € 68,77 € 68,77 € 83,77 € 68,77 € 68,77 € 871,44 €

Cost GAMS 68,77 € 68,77 € 68,77 € 57,84 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 883,07 €

Supplier 4 Cost AE 65,05 € 0,00 € 65,05 € 0,00 € 0,00 € 28,24 € 65,05 € 0,00 € 28,24 € 65,05 € 0,00 € 0,00 € 65,05 € 381,74 €

Cost GAMS 0,00 € 3,35 € 1,67 € 63,13 € 0,00 € 3,35 € 63,57 € 1,67 € 3,35 € 65,05 € 3,35 € 3,35 € 3,35 € 215,18 €

Supplier 5 Cost AE 68,77 € 68,77 € 68,77 € 5,98 € 0,00 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 762,44 €

Cost GAMS 68,77 € 68,77 € 68,77 € 68,77 € 0,00 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 68,77 € 825,23 €
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Appendix 3 – Orders to be placed per product and transportation costs for France: AE Original Forecast vs. GAMS  

 

 

 

 

 

 

 

 

 

 

 

 

SUPPLIER PRODUCT 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 P1 Quantity AE 12000 12000 10000 8000 0 12000 10000 10000 6000 10000 12000 10000 12000 124000

Quantity GAMS 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000 122000

Supplier 2 P2 Quantity AE 270 1350 0 0 0 0 0 1350 0 1350 1350 1350 540 7560

Quantity GAMS 270 810 0 0 0 810 0 810 0 0 810 0 540 4050

P3 Quantity AE 1350 0 0 0 0 1350 0 0 0 1350 270 270 540 5130

Quantity GAMS 810 270 0 0 0 810 0 810 0 0 810 0 540 4050

Supplier 3 P4 Quantity AE 0 18000 0 0 0 18000 0 18000 0 18000 18000 0 18000 108000

Quantity GAMS 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000 90000

Supplier 4 P5 Quantity AE 3800 0 3800 0 0 3800 0 3800 0 3800 0 3800 3800 26600

Quantity GAMS 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800 26600

Supplier 5 P6 Quantity AE 208 0 192 80 0 192 224 192 160 208 240 208 208 2112

Quantity GAMS 144 128 160 96 0 160 176 144 160 112 160 144 112 1696

Supplier 6 P7 Quantity AE 130 0 130 0 0 130 130 0 130 0 130 0 130 910

Quantity GAMS 0 0 130 0 0 260 0 130 0 130 0 130 0 780

Supplier 7 P8 Quantity AE 4500 2250 4500 2250 0 4500 2250 4500 2250 2250 2250 4500 2250 38250

Quantity GAMS 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500 40500

P9 Quantity AE 2000 0 2000 0 0 2000 0 2000 0 0 2000 0 2000 12000

Quantity GAMS 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000 12000

Supplier 8 P10 Quantity AE 96 192 192 96 0 192 192 96 288 288 192 192 192 2208

Quantity GAMS 96 192 192 96 0 192 192 192 192 192 192 288 96 2112
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SUPPLIER TRANSPORTATION 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 Cost AE 127,64 € 127,64 € 109,40 € 91,35 € 0,00 € 127,64 € 109,40 € 109,40 € 76,52 € 109,40 € 127,64 € 109,40 € 127,64 € 1 353,08 €

Cost GAMS 69,12 € 128,76 € 107,32 € 69,12 € 0,00 € 128,76 € 128,76 € 91,35 € 128,76 € 107,32 € 107,32 € 128,76 € 128,76 € 1 324,10 €

Supplier 2 Cost AE 180,66 € 150,54 € 0,00 € 0,00 € 0,00 € 150,54 € 0,00 € 150,54 € 0,00 € 285,85 € 180,66 € 180,66 € 120,44 € 1 399,89 €

Cost GAMS 122,12 € 122,12 € 0,00 € 0,00 € 0,00 € 177,59 € 0,00 € 177,59 € 0,00 € 0,00 € 177,59 € 0,00 € 122,12 € 899,11 €

Supplier 3 Cost AE 0,00 € 52,17 € 0,00 € 0,00 € 0,00 € 52,17 € 0,00 € 52,17 € 0,00 € 52,17 € 52,17 € 0,00 € 52,17 € 313,04 €

Cost GAMS 0,00 € 42,80 € 0,00 € 0,00 € 0,00 € 42,80 € 0,00 € 42,80 € 0,00 € 0,00 € 42,80 € 0,00 € 42,80 € 214,01 €

Supplier 4 Cost AE 51,70 € 0,00 € 51,70 € 0,00 € 0,00 € 51,70 € 0,00 € 51,70 € 0,00 € 51,70 € 0,00 € 51,70 € 51,70 € 361,87 €

Cost GAMS 0,00 € 51,70 € 51,70 € 0,00 € 0,00 € 51,70 € 0,00 € 51,70 € 0,00 € 51,70 € 0,00 € 51,70 € 51,70 € 361,87 €

Supplier 5 Cost AE 51,70 € 0,00 € 51,70 € 51,70 € 0,00 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 568,66 €

Cost GAMS 51,70 € 51,70 € 51,70 € 51,70 € 0,00 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 51,70 € 620,35 €

Supplier 6 Cost AE 33,70 € 0,00 € 33,70 € 0,00 € 0,00 € 33,70 € 33,70 € 0,00 € 33,70 € 0,00 € 33,70 € 0,00 € 33,70 € 235,87 €

Cost GAMS 0,00 € 0,00 € 34,56 € 0,00 € 0,00 € 34,56 € 0,00 € 34,56 € 0,00 € 34,56 € 0,00 € 34,56 € 0,00 € 172,80 €

Supplier 7 Cost AE 76,52 € 34,36 € 76,52 € 34,36 € 0,00 € 76,52 € 34,36 € 76,52 € 34,36 € 34,36 € 54,66 € 54,66 € 54,66 € 641,85 €

Cost GAMS 40,72 € 41,70 € 40,72 € 34,36 € 0,00 € 41,70 € 67,19 € 34,36 € 67,19 € 34,36 € 40,72 € 41,70 € 67,19 € 551,92 €

Supplier 8 Cost AE 126,09 € 222,53 € 222,53 € 126,09 € 0,00 € 222,53 € 222,53 € 126,09 € 317,52 € 317,52 € 222,53 € 222,53 € 222,53 € 2 570,99 €

Cost GAMS 121,19 € 222,65 € 222,65 € 121,19 € 0,00 € 222,65 € 222,65 € 222,65 € 222,65 € 222,65 € 222,65 € 314,99 € 121,19 € 2 459,73 €
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Appendix 4 – Inventory Results from Mathematical Approach vs. AE original forecast: Quantities and costs for Portugal  

 

 

 

SUPPLIER PRODUCT INVENTORY 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 P1 Original Quantity 39 40 42 48 41 53 50 47 49 50 45 41 44 589

GAMS Quantity 117 92 68 48 41 26 179 151 124 101 80 58 37 1121

Original Cost 19,86€ 20,37€ 21,39€ 24,44€ 20,88€ 26,99€ 25,46€ 23,93€ 24,95€ 25,46€ 22,91€ 20,88€ 22,41€ 299,93€

GAMS Cost 59,32€ 46,72€ 34,63€ 24,44€ 20,62€ 13,37€ 91,28€ 76,84€ 63,04€ 51,48€ 40,81€ 29,61€ 18,79€ 570,96€

Supplier 2 P2 Original Quantity 4818 2454 3110 4269 3591 5409 6097 7040 5197 6335 7067 4429 4955 64772

GAMS Quantity 4818 2454 3110 4269 3591 2409 3051 3948 4861 2755 3634 4287 4945 48133

Original Cost 378,12€ 192,59€ 244,03€ 335,03€ 281,82€ 424,50€ 478,49€ 552,47€ 407,88€ 497,20€ 554,65€ 347,60€ 388,90€ 5 083,28€

GAMS Cost 377,25€ 192,15€ 243,47€ 334,26€ 281,18€ 188,62€ 238,91€ 309,14€ 380,65€ 215,73€ 284,54€ 335,67€ 387,23€ 3 768,80€

P3 Original Quantity 2078 4626 7088 9984 9388 11292 10704 10308 10024 9865 10879 10137 9650 116023

GAMS Quantity 2078 3126 2588 2484 1888 2292 3064 2527 4998 3105 2898 2484 2005 35538

Original Cost 254,38€ 566,25€ 867,51€ 1 221,98€ 1 149,09€ 1 382,17€ 1 310,17€ 1 261,69€ 1 226,93€ 1 207,53€ 1 331,59€ 1 240,80€ 1 181,12€ 14 201,22€

GAMS Cost 254,38€ 382,65€ 316,71€ 303,98€ 231,09€ 280,57€ 375,00€ 309,35€ 611,79€ 380,10€ 354,75€ 304,04€ 245,41€ 4 349,83€

P4 Original Quantity 18074 34216 30383 27372 26262 24325 20537 37142 34071 30968 27188 22790 18666 351993

GAMS Quantity 18074 14216 10383 7372 6262 4325 20457 16982 13504 9995 6459 22548 18645 169221

Original Cost 244,00€ 461,92€ 410,17€ 369,52€ 354,54€ 328,38€ 277,25€ 501,41€ 459,96€ 418,07€ 367,04€ 307,66€ 251,99€ 4 751,91€

GAMS Cost 244,00€ 191,92€ 140,17€ 99,52€ 84,54€ 58,38€ 276,17€ 229,25€ 182,31€ 134,93€ 87,20€ 304,40€ 251,71€ 2 284,49€

Supplier 3 P5 Original Quantity 355 189 230 305 251 387 434 490 757 600 625 376 361 5359

GAMS Quantity 355 189 230 305 251 171 220 278 330 372 189 199 410 3497

Original Cost 662,51€ 353,68€ 429,84€ 569,06€ 468,15€ 723,71€ 811,08€ 914,99€ 1 415,09€ 1 121,68€ 1 168,41€ 702,13€ 674,09€ 10 014,42€

GAMS Cost 662,51€ 353,68€ 429,84€ 569,06€ 468,15€ 320,04€ 411,61€ 519,73€ 616,16€ 694,28€ 352,37€ 371,06€ 766,79€ 6 535,28€

P6 Original Quantity 483 585 474 433 338 605 499 413 521 425 328 183 253 5538

GAMS Quantity 483 369 474 433 338 389 474 363 471 360 462 528 379 5522

Original Cost 1 021,55€ 1 237,28€ 1 001,45€ 914,74€ 714,87€ 1 279,58€ 1 054,33€ 873,50€ 1 101,92€ 897,82€ 693,72€ 385,99€ 535,10€ 11 711,81€

GAMS Cost 1 021,55€ 780,44€ 1 001,45€ 914,74€ 714,87€ 822,74€ 1 001,45€ 767,75€ 996,17€ 760,98€ 976,81€ 1 117,46€ 802,33€ 11 678,71€

P7 Original Quantity 345 180 244 344 304 434 497 571 628 473 511 518 563 5609

GAMS Quantity 345 180 244 128 88 218 253 301 357 204 273 330 185 3105

Original Cost 1 624,32€ 847,52€ 1 148,10€ 1 621,96€ 1 431,01€ 2 045,14€ 2 341,00€ 2 694,16€ 2 960,08€ 2 229,26€ 2 408,43€ 2 441,43€ 2 655,97€ 26 448,38€

GAMS Cost 1 624,32€ 847,52€ 1 148,10€ 603,52€ 412,56€ 1 026,69€ 1 194,08€ 1 418,75€ 1 684,67€ 963,28€ 1 288,61€ 1 555,01€ 872,51€ 14 639,63€

Supplier 4 P8 Original Quantity 1235 905 578 1021 926 761 1139 837 1236 946 1277 819 1117 12795

GAMS Quantity 535 905 578 321 226 761 414 787 463 836 506 840 475 7646

Original Cost 760,71€ 557,44€ 355,72€ 628,59€ 570,38€ 468,75€ 701,27€ 515,56€ 761,02€ 582,70€ 786,58€ 504,16€ 688,03€ 7 880,90€

GAMS Cost 329,54€ 557,44€ 355,72€ 197,42€ 139,21€ 468,75€ 254,70€ 484,76€ 285,19€ 514,82€ 311,58€ 517,62€ 292,80€ 4 709,54€

P9 Original Quantity 165 535 208 651 556 391 769 467 866 576 907 1149 747 7985

GAMS Quantity 535 905 578 321 226 761 414 297 673 556 436 770 405 6876

Original Cost 101,63€ 329,54€ 127,81€ 400,68€ 342,47€ 240,84€ 473,37€ 287,65€ 533,11€ 354,79€ 558,68€ 707,43€ 460,12€ 4 918,13€

GAMS Cost 329,54€ 557,44€ 355,72€ 197,42€ 139,21€ 468,75€ 254,70€ 182,94€ 414,54€ 342,35€ 268,47€ 474,50€ 249,68€ 4 235,25€

P10 Original Quantity 1010 350 1696 1182 993 663 1968 1315 712 2133 1395 2478 3963 19857

GAMS Quantity 1010 2350 1696 1182 993 2663 1968 1315 667 2012 1352 2621 1891 21721

Original Cost 27,18€ 9,42€ 45,63€ 31,81€ 26,72€ 17,84€ 52,96€ 35,39€ 19,16€ 57,40€ 37,54€ 66,68€ 106,64€ 534,36€

GAMS Cost 27,18€ 63,24€ 45,63€ 31,81€ 26,72€ 71,66€ 52,96€ 35,39€ 17,95€ 54,15€ 36,39€ 70,54€ 50,89€ 584,51€



85 
 

Appendix 5 - Inventory Results from Mathematical Approach vs. AE original forecast: Quantities and costs for Spain  

SUPPLIER PRODUCT INVENTORY 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 P1 Original Quantity 687 717 690 610 452 587 609 544 465 505 436 261 242 6805

GAMS Quantity 387 357 330 253 158 353 366 339 375 348 378 372 367 4382

Original Cost 8 183,45€ 8 540,80€ 8 219,18€ 7 266,23€ 5 384,16€ 6 992,26€ 7 254,32€ 6 480,05€ 5 539,01€ 6 015,49€ 5 193,57€ 3 109,00€ 2 882,67€ 81 060,21€

GAMS Cost 4 609,89€ 4 252,53€ 3 924,96€ 3 007,74€ 1 882,07€ 4 204,89€ 4 353,78€ 4 038,12€ 4 466,95€ 4 142,94€ 4 500,90€ 4 435,38€ 4 375,82€ 52 195,98€

Supplier 2 P2 Original Quantity 1235 905 1178 921 826 1269 871 1099 1440 1780 1411 1553 1151 15639

GAMS Quantity 635 905 578 321 226 661 914 587 863 536 806 440 675 8146

Original Cost 2 259,57€ 1 655,80€ 2 155,28€ 1 685,07€ 1 511,26€ 2 321,78€ 1 593,59€ 2 010,74€ 2 634,64€ 3 256,71€ 2 581,58€ 2 841,38€ 2 105,88€ 28 613,27€

GAMS Cost 1 161,80€ 1 655,80€ 1 056,60€ 586,39€ 413,49€ 1 209,37€ 1 671,35€ 1 073,98€ 1 578,95€ 980,31€ 1 474,39€ 805,67€ 1 235,63€ 14 903,73€

P3 Original Quantity 795 465 738 481 986 1429 1089 1374 1715 1455 1686 1828 1426 15467

GAMS Quantity 795 465 738 481 386 821 474 747 423 696 366 600 835 7826

Original Cost 1 411,54€ 825,62€ 1 310,33€ 854,03€ 1 750,66€ 2 537,22€ 1 933,54€ 2 439,56€ 3 045,02€ 2 583,38€ 2 993,53€ 3 245,65€ 2 531,89€ 27 461,97€

GAMS Cost 1 411,54€ 825,62€ 1 309,45€ 853,14€ 685,35€ 1 457,70€ 840,71€ 1 326,31€ 751,04€ 1 235,41€ 649,57€ 1 065,93€ 1 483,18€ 13 894,95€

Supplier 3 P4 Original Quantity 1035 705 378 321 226 461 539 1054 1194 825 767 565 628 8695

GAMS Quantity 835 705 578 321 1426 1461 1114 787 463 736 806 440 475 10146

Original Cost 114,67€ 78,11€ 41,82€ 35,51€ 25,04€ 51,07€ 59,66€ 116,72€ 132,28€ 91,40€ 84,92€ 62,60€ 69,52€ 963,32€

GAMS Cost 114,67€ 78,11€ 41,82€ 35,51€ 91,51€ 95,39€ 79,05€ 131,51€ 117,77€ 103,68€ 67,12€ 48,79€ 52,66€ 1 057,58€

P5 Original Quantity 235 305 178 121 26 261 314 351 444 584 615 557 355 4344

GAMS Quantity 835 705 578 321 1426 1461 1114 787 463 736 806 440 475 10146

Original Cost 26,04€ 33,79€ 19,67€ 13,35€ 2,88€ 28,92€ 34,73€ 38,89€ 49,14€ 64,70€ 68,14€ 61,65€ 39,33€ 481,22€

GAMS Cost 92,51€ 78,11€ 63,98€ 35,51€ 157,99€ 161,86€ 123,36€ 87,19€ 51,30€ 81,52€ 89,28€ 48,79€ 52,66€ 1 124,06€

P6 Original Quantity 593 609 617 429 288 586 649 606 416 541 497 442 538 6810

GAMS Quantity 503 429 437 429 468 496 727 453 808 557 431 713 458 6909

Original Cost 157,42€ 161,87€ 163,92€ 113,99€ 76,41€ 155,72€ 172,39€ 161,10€ 110,42€ 143,76€ 131,94€ 117,32€ 142,96€ 1 809,20€

GAMS Cost 133,50€ 114,04€ 116,10€ 113,99€ 124,23€ 131,80€ 193,04€ 120,41€ 214,68€ 147,85€ 114,63€ 189,55€ 121,67€ 1 835,50€

P7 Original Quantity 6430 6490 6583 5515 4385 6415 6562 5747 5290 5187 5407 4010 2887 70908

GAMS Quantity 4430 4490 4583 3515 2385 4415 4485 3980 4503 3993 4457 4546 3643 53424

Original Cost 1 360,52€ 1 373,22€ 1 392,79€ 1 166,93€ 927,84€ 1 357,37€ 1 388,42€ 1 215,98€ 1 119,33€ 1 097,54€ 1 144,09€ 848,50€ 610,88€ 15 003,41€

GAMS Cost 937,34€ 950,04€ 969,61€ 743,75€ 504,66€ 934,19€ 949,00€ 842,06€ 952,69€ 844,79€ 943,14€ 961,87€ 770,85€ 11 304,02€

Supplier 4 P8 Original Quantity 1435 1105 778 521 426 1261 914 599 1340 1080 711 253 850 11273

GAMS Quantity 435 505 378 321 226 461 514 387 463 336 406 440 475 5346

Original Cost 287,23€ 221,18€ 155,72€ 104,28€ 85,27€ 252,40€ 182,95€ 119,90€ 268,21€ 216,17€ 142,31€ 50,64€ 170,14€ 2 256,40€

GAMS Cost 87,07€ 101,08€ 75,56€ 64,15€ 45,24€ 92,27€ 102,78€ 77,46€ 92,67€ 67,21€ 81,23€ 88,14€ 95,15€ 1 070,03€

P9 Original Quantity 1811 1481 1934 1677 1582 1417 1850 1535 1276 1796 1427 969 1346 20101

GAMS Quantity 1031 701 374 897 802 637 1070 743 419 1652 1322 956 591 11194

Original Cost 740,63€ 605,67€ 790,93€ 685,83€ 646,97€ 579,50€ 756,58€ 627,75€ 521,83€ 734,49€ 583,59€ 396,28€ 550,46€ 8 220,50€

GAMS Cost 421,64€ 286,68€ 152,75€ 366,63€ 327,99€ 260,51€ 437,38€ 303,86€ 171,35€ 675,52€ 540,58€ 391,11€ 241,84€ 4 577,84€

Supplier 5 P10 Original Quantity 12378 11962 20040 11446 7179 11123 10543 9973 9485 8847 8063 15702 6622 143361

GAMS Quantity 12378 11962 11640 13153 10593 14537 13957 14276 14677 14959 15094 14332 13653 175209

Original Cost 2 056,52€ 1 987,28€ 3 329,45€ 1 901,64€ 1 192,64€ 1 847,93€ 1 751,57€ 1 656,83€ 1 575,75€ 1 469,88€ 1 339,63€ 1 213,11€ 1 100,18€ 22 422,42€

GAMS Cost 2 056,52€ 1 987,28€ 1 933,87€ 2 185,24€ 1 759,84€ 2 415,14€ 2 318,77€ 2 371,76€ 2 438,42€ 2 485,24€ 2 507,68€ 2 381,16€ 2 268,23€ 29 109,15€

P11 Original Quantity 1042 839 630 434 343 240 1926 1719 1524 1310 1041 800 617 12462

GAMS Quantity 1042 839 630 471 416 313 1999 1807 1626 1466 1330 1163 964 14065

Original Cost 152,49€ 122,78€ 92,19€ 63,55€ 50,12€ 35,05€ 281,78€ 251,49€ 222,95€ 191,63€ 152,34€ 117,07€ 90,22€ 1 823,65€

GAMS Cost 152,49€ 122,78€ 92,19€ 68,92€ 60,86€ 45,79€ 292,52€ 264,36€ 237,96€ 214,55€ 194,65€ 170,13€ 141,05€ 2 058,26€

P12 Original Quantity 877 918 953 853 735 781 875 829 804 930 831 930 1087 11400

GAMS Quantity 537 408 273 221 150 365 290 236 341 294 287 275 271 3947

Original Cost 122,43€ 128,26€ 133,05€ 119,18€ 102,66€ 109,02€ 122,25€ 115,72€ 112,23€ 129,83€ 116,07€ 129,90€ 151,76€ 1 592,39€

GAMS Cost 74,94€ 57,02€ 38,06€ 30,81€ 20,90€ 51,00€ 40,49€ 32,92€ 47,67€ 41,11€ 40,10€ 38,42€ 37,83€ 551,25€



86 
 

Appendix 6 - Inventory Results from Mathematical Approach vs. AE original forecast: Quantities and costs for France  

 

SUPPLIER PRODUCT INVENTORY 8 9 10 11 12 13 14 15 16 17 18 19 20 TOTAL

Supplier 1 P1 Original Quantity 17734 18415 17194 16373 13121 19475 18145 17989 13896 13756 14675 11427 10828 203024

GAMS Quantity 11734 12415 11194 8373 5121 11475 12145 9989 11896 11580 10978 11128 11243 139268

Original Cost 1 754,02€ 1 821,40€ 1 700,61€ 1 619,40€ 1 297,75€ 1 926,25€ 1 794,72€ 1 779,29€ 1 374,45€ 1 360,61€ 1 451,45€ 1 130,20€ 1 070,95€ 20 081,10€

GAMS Cost 1 160,56€ 1 227,94€ 1 107,15€ 828,12€ 506,47€ 1 134,97€ 1 201,26€ 988,01€ 1 176,63€ 1 145,36€ 1 085,79€ 1 100,63€ 1 112,08€ 13 774,98€

Supplier 2 P2 Original Quantity 375 1395 1068 811 716 551 221 1274 977 1776 2148 2376 1887 15573

GAMS Quantity 375 855 528 271 176 821 473 957 633 306 786 420 595 7196

Original Cost 37,73€ 140,36€ 107,41€ 81,55€ 72,04€ 55,44€ 22,24€ 128,19€ 98,31€ 178,65€ 216,13€ 239,02€ 189,82€ 1 566,90€

GAMS Cost 37,73€ 86,03€ 53,08€ 27,22€ 17,71€ 82,61€ 47,64€ 96,29€ 63,69€ 30,77€ 79,07€ 42,30€ 59,90€ 724,05€

Supplier 2 P3 Original Quantity 1455 1125 798 541 446 1631 1301 1004 707 1760 1661 1473 1611 15512

GAMS Quantity 915 855 527 270 176 821 473 957 633 306 786 420 595 7736

Original Cost 146,40€ 113,20€ 80,24€ 54,39€ 44,88€ 164,11€ 130,91€ 101,02€ 71,14€ 177,09€ 167,13€ 148,16€ 162,10€ 1 560,77€

GAMS Cost 92,07€ 86,03€ 53,08€ 27,22€ 17,71€ 82,61€ 47,64€ 96,29€ 63,69€ 30,77€ 79,07€ 42,30€ 59,90€ 778,38€

Supplier 3 P4 Original Quantity 15490 25270 17119 10721 8364 22254 13927 24383 16900 27451 37199 27395 36400 282871

GAMS Quantity 15490 25270 17119 10721 8364 22254 13927 24383 16900 9344 19731 11305 20897 215702

Original Cost 376,41€ 614,06€ 415,98€ 260,51€ 203,25€ 540,77€ 338,41€ 592,51€ 410,66€ 667,06€ 903,94€ 665,70€ 884,52€ 6 873,77€

GAMS Cost 376,41€ 614,06€ 415,98€ 260,51€ 203,25€ 540,77€ 338,41€ 592,51€ 410,66€ 227,05€ 479,46€ 274,71€ 507,79€ 5 241,57€

Supplier 4 P5 Original Quantity 6070 3770 5289 3498 2839 5489 3176 4897 2835 4568 2309 3452 4789 52983

GAMS Quantity 2270 3770 5289 3498 2839 5489 3176 4897 2835 4553 2455 3934 5418 50423

Original Cost 1 404,54€ 872,34€ 1 223,82€ 809,51€ 656,89€ 1 270,08€ 734,99€ 1 133,19€ 655,98€ 1 057,04€ 534,33€ 798,80€ 1 108,17€ 12 259,67€

GAMS Cost 525,26€ 872,34€ 1 223,82€ 809,51€ 656,89€ 1 270,08€ 734,99€ 1 133,19€ 655,98€ 1 053,47€ 568,10€ 910,27€ 1 253,59€ 11 667,47€

Supplier 5 P6 Original Quantity 217 75 116 67 19 134 195 227 221 252 327 380 473 2701

GAMS Quantity 153 139 148 115 67 150 163 147 151 123 151 148 128 1780

Original Cost 7 818,53€ 2 717,53€ 4 189,14€ 2 401,54€ 668,10€ 4 821,13€ 7 024,04€ 8 194,11€ 7 991,88€ 9 093,33€ 11 801,83€ 13 733,89€ 17 074,91€ 97 529,95€

GAMS Cost 5 507,28€ 5 028,78€ 5 344,77€ 4 134,97€ 2 401,54€ 5 398,94€ 5 868,41€ 5 305,05€ 5 445,89€ 4 452,77€ 5 454,92€ 5 346,58€ 4 606,25€ 64 296,14€

Supplier 6 P7 Original Quantity 345 253 301 241 215 308 335 219 252 164 207 125 189 3154

GAMS Quantity 215 123 171 111 86 284 156 182 95 148 89 161 103 1924

Original Cost 601,94€ 441,42€ 525,17€ 420,48€ 375,12€ 537,38€ 584,49€ 382,10€ 439,67€ 286,14€ 361,16€ 218,09€ 329,76€ 5 502,91€

GAMS Cost 375,12€ 214,60€ 298,35€ 193,58€ 149,87€ 494,90€ 272,00€ 317,19€ 166,10€ 258,57€ 154,76€ 281,25€ 180,06€ 3 356,36€

Supplier 7 P8 Original Quantity 6669 5149 5899 5214 4140 6788 5326 6510 5519 4542 3334 3706 2068 64864

GAMS Quantity 4419 5149 3649 2964 1890 4538 5326 4260 5519 4505 3435 4261 5088 55002

Original Cost 1 801,10€ 1 390,63€ 1 593,26€ 1 408,11€ 1 118,04€ 1 833,37€ 1 438,50€ 1 758,26€ 1 490,71€ 1 226,83€ 900,56€ 1 001,03€ 558,63€ 17 519,02€

GAMS Cost 1 193,39€ 1 390,63€ 985,56€ 800,41€ 510,34€ 1 225,67€ 1 438,50€ 1 150,56€ 1 490,71€ 1 216,84€ 927,71€ 1 150,93€ 1 374,23€ 14 855,46€

Supplier 7 P9 Original Quantity 2490 1468 2464 1684 1397 2924 1956 3075 2202 1328 2350 1228 2199 26763

GAMS Quantity 2490 1468 2464 1684 1397 924 1956 1075 2202 1326 2451 1455 2453 23345

Original Cost 614,87€ 362,60€ 608,51€ 415,89€ 345,03€ 722,01€ 482,95€ 759,43€ 543,71€ 327,86€ 580,38€ 303,17€ 542,97€ 6 609,38€

GAMS Cost 614,87€ 362,60€ 608,51€ 415,89€ 345,03€ 228,09€ 482,95€ 265,51€ 543,71€ 327,35€ 605,40€ 359,43€ 605,89€ 5 765,22€

Supplier 8 P10 Original Quantity 198 204 206 156 104 203 196 114 236 370 374 276 190 2828

GAMS Quantity 198 204 206 156 104 203 196 210 236 241 213 269 194 2631

Original Cost 12 379,13€ 12 738,17€ 12 863,05€ 9 769,05€ 6 518,94€ 12 653,87€ 12 248,00€ 7 118,39€ 14 758,17€ 23 109,78€ 23 328,33€ 17 209,02€ 11 870,22€ 176 564,12€

GAMS Cost 12 379,13 € 12 738,17 € 12 863,05 € 9 769,05 € 6 518,94 € 12 653,87 € 12 248,00 € 13 112,82 € 14 758,17 € 15 042,28 € 13 281,41 € 16 793,78 € 12 141,85 € 164 300,51 € 
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Appendix 7 – Sensitivity analysis of the stock opportunity rate impact on orders placed (GAMS) 

for Portugal 

 

 

 

P1 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 104 0 0 0 0 0 182 0 0 0 0 0 0

7% 104 0 0 0 0 0 182 0 0 0 0 0 0

6% 104 0 0 0 0 0 182 0 0 0 0 0 0

5% 104 0 0 0 0 0 182 0 0 0 0 0 0

4% 104 0 0 0 0 0 182 0 0 0 0 0 0

3% 104 0 0 0 0 0 182 0 0 0 0 0 0

P2 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 3000 0 3000 3000 0 0 3000 3000 3000 0 3000 3000 3000

7% 3000 0 3000 3000 0 0 3000 3000 3000 0 3000 3000 3000

6% 3000 0 3000 3000 0 0 3000 3000 3000 0 3000 3000 3000

5% 3000 0 3000 3000 0 0 3000 3000 3000 0 3000 3000 3000

4% 3000 0 3000 3000 0 0 6000 0 3000 0 3000 6000 0

3% 3000 0 3000 3000 0 0 6000 0 3000 0 3000 6000 0

P3 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 1500 3000 1500 1500 0 1500 3000 1500 4500 0 1500 1500 1500

7% 1500 3000 1500 1500 0 1500 3000 1500 4500 0 1500 1500 1500

6% 1500 3000 1500 1500 0 1500 3000 1500 4500 0 1500 1500 1500

5% 1500 3000 1500 1500 0 1500 3000 1500 4500 0 1500 1500 1500

4% 4500 0 1500 3000 0 0 4500 0 4500 0 1500 3000 0

3% 4500 0 1500 3000 0 0 4500 0 4500 0 1500 3000 0

P4 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

7% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

6% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

5% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

4% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

3% 0 0 0 0 0 0 20000 0 0 0 0 20000 0

P5 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 216 0 216 216 0 0 216 216 216 216 0 216 432

7% 216 0 216 216 0 0 216 216 216 216 0 216 432

6% 216 0 216 216 0 0 216 216 216 216 0 216 432

5% 216 0 216 216 0 0 216 216 216 216 0 216 432

4% 216 0 216 216 0 0 216 216 216 216 0 216 432

3% 216 0 216 216 0 0 216 216 216 216 0 216 432

P6 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 216 216 432 216 0 216 432 216 432 216 432 432 216

7% 216 216 432 216 0 216 432 216 432 216 432 432 216

6% 216 216 432 216 0 216 432 216 432 216 432 432 216

5% 216 216 432 216 0 216 432 216 432 216 432 432 216

4% 216 216 432 216 0 216 432 216 432 216 432 432 216

3% 432 0 432 216 0 216 432 216 432 216 432 432 216

P7 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 216 0 216 0 0 216 216 216 216 0 216 216 0

7% 216 0 216 0 0 216 216 216 216 0 216 216 0

6% 216 0 216 0 0 216 216 216 216 0 216 216 0

5% 216 0 216 0 0 216 216 216 216 0 216 216 0

4% 216 0 216 0 0 216 216 216 216 0 216 216 0

3% 216 0 216 0 0 216 216 216 216 0 216 216 0
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P8 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 700 0 0 0 700 0 700 0 700 0 700 0

7% 0 700 0 0 0 700 0 700 0 700 0 700 0

6% 0 700 0 0 0 700 0 700 0 700 0 700 0

5% 0 700 0 0 0 700 0 700 0 700 0 700 0

4% 0 700 0 0 0 700 0 700 0 700 0 700 0

3% 0 700 0 0 0 700 0 700 0 700 0 700 0

P9 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 700 700 0 0 0 700 0 210 700 210 210 700 0

7% 700 700 0 0 0 700 0 700 0 700 0 700 0

6% 700 700 0 0 0 700 0 700 0 700 0 700 0

5% 700 700 0 0 0 700 0 700 0 700 0 700 0

4% 700 700 0 0 0 700 0 700 0 700 0 700 0

3% 700 700 0 0 0 700 0 700 0 700 0 700 0

P10 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0

7% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0

6% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0

5% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0

4% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0

3% 0 2000 0 0 0 2000 0 0 0 2000 0 2000 0
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Appendix 8 – Sensitivity analysis of the stock opportunity rate impact on orders placed (GAMS) 

for Spain 

 

 

 

 

P1 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 300 300 180 0 360 360 300 360 300 360 360 360

7% 0 300 300 180 0 360 360 300 360 300 360 360 360

6% 0 300 300 180 0 360 360 300 360 300 360 360 360

5% 0 300 300 180 0 360 360 300 360 300 360 360 360

4% 0 300 300 180 0 360 360 300 360 300 360 360 360

3% 0 300 300 180 0 360 360 300 360 300 360 360 360

P2 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 600 0 0 0 600 600 0 600 0 600 0 600

7% 0 600 0 0 0 600 600 0 600 0 600 0 600

6% 0 600 0 0 0 600 600 0 600 0 600 0 600

5% 0 600 0 0 0 600 600 0 600 0 600 0 600

4% 0 600 0 0 0 600 600 0 600 0 600 0 600

3% 0 600 0 0 0 600 600 0 600 0 600 0 600

P3 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 600 0 600 0 0 600 0 600 0 600 0 600 600

7% 600 0 600 0 0 600 0 600 0 600 0 600 600

6% 600 0 600 0 0 600 0 600 0 600 0 600 600

5% 600 0 600 0 0 600 0 600 0 600 0 600 600

4% 600 600 0 0 0 600 600 0 600 0 600 0 600

3% 600 600 0 0 0 600 600 0 600 0 600 0 600

P4 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 0 0 200 1400 0 400 0 0 0 400 200 400

7% 0 0 0 200 600 400 0 200 200 800 0 200 400

6% 0 0 0 200 600 400 200 600 200 200 200 0 400

5% 200 0 0 0 1200 200 200 0 200 0 400 200 400

4% 0 0 200 0 1400 200 0 200 200 0 400 0 400

3% 0 400 0 0 0 200 400 800 0 200 400 200 400

P5 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 1000 200 200 0 400 400 0 600 400 600 0 0 400

7% 1000 200 200 0 1200 0 200 600 0 0 400 0 400

6% 1000 200 200 0 1200 0 0 200 0 600 200 200 400

5% 800 200 200 200 600 0 200 600 200 800 0 0 400

4% 1000 200 0 200 400 200 200 600 0 800 0 200 400

3% 1000 0 400 1000 200 200 0 0 400 400 0 200 400

P6 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 360 360 450 360 360 270 270 630 270 540 270 720 180

7% 360 360 450 360 180 270 720 180 810 180 270 720 180

6% 360 360 450 360 180 270 720 180 810 180 270 720 180

5% 360 360 450 360 0 630 270 990 270 180 270 720 180

4% 360 360 630 180 180 270 720 180 810 180 270 720 180

3% 810 270 270 810 180 270 270 180 270 990 270 270 180

P7 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000

7% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000

6% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000

5% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000

4% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000

3% 2000 4000 4000 2000 0 4000 4000 3000 4000 3000 4000 4000 3000
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P8 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 400 200 200 0 400 400 200 400 200 400 400 400

7% 0 400 200 200 0 400 400 200 400 200 400 400 400

6% 0 400 200 200 0 400 400 200 400 200 400 400 400

5% 0 400 200 200 0 400 400 200 400 200 400 400 400

4% 0 400 200 200 0 400 400 200 400 600 0 400 400

3% 0 400 200 200 0 400 400 200 400 600 0 400 400

P9 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 0 0 780 0 0 780 0 0 1560 0 0 0

7% 0 0 0 780 0 0 780 0 0 1560 0 0 0

6% 0 0 0 1560 0 0 0 0 0 1560 0 0 0

5% 0 0 0 1560 0 0 0 0 0 1560 0 0 0

4% 0 0 0 1560 0 0 0 0 0 1560 0 0 0

3% 0 0 0 1560 0 0 0 0 0 1560 0 0 0

P10 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

7% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

6% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

5% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

4% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

3% 8400 8400 8400 8400 0 8400 8400 8400 8400 8400 8400 8400 8400

P11 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 0 0 0 0 0 1900 0 0 0 0 0 0

7% 0 0 0 0 0 0 1900 0 0 0 0 0 0

6% 0 0 0 0 0 0 1900 0 0 0 0 0 0

5% 0 0 0 0 0 0 1900 0 0 0 0 0 0

4% 0 0 0 0 0 0 1900 0 0 0 0 0 0

3% 0 0 0 0 0 0 1900 0 0 0 0 0 0

P12 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 170 170 170 0 340 170 170 340 170 170 170 170

7% 0 170 170 170 0 340 170 170 340 170 170 170 170

6% 0 170 170 170 0 340 170 170 340 170 170 170 170

5% 0 170 170 170 0 340 170 170 340 170 170 170 170

4% 0 170 170 170 0 340 170 170 340 170 170 170 170

3% 0 170 170 170 0 340 170 170 340 170 170 170 170
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Appendix 9 – Sensitivity analysis of the stock opportunity rate impact on orders placed (GAMS) 

for France 

 

 

 

P1 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

7% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

6% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

5% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

4% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

3% 6000 12000 10000 6000 0 12000 12000 8000 12000 10000 10000 12000 12000

P2 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 810 270 0 0 0 810 0 810 0 0 810 0 540

7% 270 810 0 0 0 810 0 810 0 0 810 0 540

6% 810 270 0 0 0 810 0 810 0 0 810 0 540

5% 270 810 0 0 0 810 0 810 0 0 810 0 540

4% 810 270 0 0 0 810 0 810 0 0 810 0 540

3% 540 540 0 0 0 810 0 810 0 0 810 0 540

P3 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 270 810 0 0 0 810 0 810 0 0 810 0 540

7% 810 270 0 0 0 810 0 810 0 0 810 0 540

6% 270 810 0 0 0 810 0 810 0 0 810 0 540

5% 810 270 0 0 0 810 0 810 0 0 810 0 540

4% 270 810 0 0 0 810 0 810 0 0 810 0 540

3% 540 540 0 0 0 810 0 810 0 0 810 0 540

P4 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

7% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

6% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

5% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

4% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

3% 0 18000 0 0 0 18000 0 18000 0 0 18000 0 18000

P5 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

7% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

6% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

5% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

4% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

3% 0 3800 3800 0 0 3800 0 3800 0 3800 0 3800 3800

P6 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 144 128 160 96 0 160 176 144 160 112 160 144 112

7% 144 128 160 96 0 160 176 144 160 112 160 144 112

6% 144 128 160 96 0 160 176 144 160 112 160 144 112

5% 144 128 160 96 0 160 176 144 160 112 160 144 112

4% 144 128 160 96 0 160 176 144 160 112 160 144 112

3% 144 128 160 96 0 160 176 144 160 112 160 144 112

P7 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 0 0 130 0 0 130 260 0 0 130 0 130 0

7% 0 0 130 0 0 390 0 0 0 260 0 0 0

6% 0 0 130 0 0 390 0 0 0 260 0 0 0

5% 0 0 130 0 0 390 0 0 0 260 0 0 0

4% 0 0 130 0 0 390 0 0 0 260 0 0 0

3% 0 0 130 0 0 390 0 0 0 260 0 0 0
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P8 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

7% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

6% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

5% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

4% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

3% 2250 4500 2250 2250 0 4500 4500 2250 4500 2250 2250 4500 4500

P9 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000

7% 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000

6% 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000

5% 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000

4% 2000 0 2000 0 0 0 2000 0 2000 0 2000 0 2000

3% 2000 0 2000 0 0 0 2000 2000 0 0 2000 0 2000

P10 8 9 10 11 12 13 14 15 16 17 18 19 20

8% 96 192 192 96 0 192 192 192 192 192 192 288 96

7% 96 192 192 96 0 192 192 192 192 192 192 288 96

6% 96 192 192 96 0 192 192 192 192 192 192 288 96

5% 96 192 192 96 0 192 192 192 192 192 192 288 96

4% 96 192 192 96 0 192 192 192 192 192 192 288 96

3% 96 192 192 96 0 192 192 192 192 192 192 288 96
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Appendix 10 – User Manual for the Excel Tool developed  

USER’S MANUAL 

The main goal of this document is to help the user understand the developed tool for analyzing different 

transportation scenarios, specifically regarding deliveries frequencies.  

The developed tool aims to be an auxiliary for transportation analysis, specifically regarding delivery 

frequency scenarios that transportation planners (TP) may want to study. This tool allows TP to observe 

the behavior and potential consequences of alterations in the delivery schedule, for a 20 week period 

and its extrapolation for a year, based on the assumption that yearly behavior is sufficiently constant to 

be approximated by the behavior of four months. The tool will provide results in terms of accumulated 

taxable weight for each supplier, as well as stock and rental costs. For each taxable weight value, a 

monetary value must be inserted by the user. At the end, the cost of a biweekly and monthly scenarios 

is confronted with the original and the user can assess results and hopefully take the analysis into 

account for his/her decision making process.  

The original document has 12 sheets: Input, PackageOriginal, PackageBiweekly, PackageMonthly, 

PalletOriginal, PalletBiweekly, PalletMonthly, StockPackageBiweekly, StockPackageMonthly, 

StockPalletBiweekly, StockPalletMonthly and Outputs.  

First of all, user must open the file with the common name “lab” – that contains forecasted orders and 

then click the “Macro paste report” button on the Macro Tab on the “TransportationFrequencyScenarios” 

file, so that the reports containing expected deliveries information are pasted on the file, thus reducing 

computational time. If the macro does not work, it can be performed manually.  

Input is the interface where the user specifies the supplier code for the supplier whose orders wishes to 

study. In the right side of the tag “Supplier’s Code”, the number that identifies the supplier should be 

inserted, having under consideration that this code is composed by 9 digits, and the first two or three 

are always zero.  

As the supplier’s code is inserted, its name, land and quantity of part numbers appear in the cells below.  

 

Figure A10.1 – Input sheet and selected cells that need to be expanded 

Furthermore, the specific code for each part/product is available. Obtaining the part numbers code 

requires a reduced manual input, as the user must expand the formulas down, until the number of entries 

equals the quantities. In order to help the user, the CHECK cell (identified with red arrow in Figure 

A10.1) was created, and it will be green as the quantity equals the amount of entries in the cells below 

it and red otherwise. Also, formulas on cells C, D and E must also be expanded to the same total amount. 

These cells contain information on the packaging characteristics, necessary to differentiate the part 

numbers and further divide them according to their packaging. 
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Other data included (Figure A10.2) in Input comprises Opportunity Cost Rate, Working Weeks 

(necessary for annual extrapolation of final values) and a list of weeks that cannot be erased (column 

T), since it allows for the drop down selection of weeks (in Sheet PackageOriginal).  

 

 

Figure A10.2 – Other necessary data in sheet Input 

In order to select the starting week, user must go to PackageOriginal (Figure A10.3) and select the 

starting week from the dropdown list available. The tool is pre-defined to analyze 20 weeks, as this time 

range is considered sufficiently representative of the yearly behavior. However, the time range can be 

easily expanded/decreased by expanding/deleting columns and respective formulas to the right.  

 

Figure A10.3 - PackageOriginal sheet with drop-down menu for starting week selection 

 

Once the main input data and the starting week are selected the user can go back to sheet Input and 

click the button to run the scenario analysis. (Identified by the red rectangle in Figure A10.4).  

Figure A10.4 - Input sheet. (Run button identified in red rectangle) 

The following 3 sheets: PackageOriginal, PackageBiweekly and PackageMonthly will analyze 

transportation for the current scenario, for a biweekly delivery frequency and for a monthly delivery 

frequency, respectively. Similarly, PalletsOriginal, PalletsBiweekly and PalletsMonthly perform the same 

analysis. The difference between them is the characteristics of the part packaging, as one is for 

packages and the other for pallets, since differences in this area require for different calculation steps.  

Following, the analysis for the inventory impact of every transportation scenario is performed, in 4 

sheets. Analogously, packages and pallets are separated, as well as biweekly and monthly scenarios. 

The different possible combinations result in 4 sheets: StockPackageBiweekly, StockPackageMonthly, 

StockPalletBiweekly, and StockPalletMonthly. Initial stock was defined as fifteen times the daily needs 

of the average of material requirements for that part and for the time period being analyzed.  
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At last, there is the Outputs sheet. This sheet is the original basis for output data collection, and in order 

to keep it unaltered, every time a supplier is analyzed this sheet will be copied and renamed as 

OutputsScenario. After performing the analysis the user must delete this sheet, to keep the workbook 

with its basic format, not compromising future iterations.  

In OutputsScenario, the user must insert the rate values for the transportation, given the total taxable 

weight. This step requires access to the application Frachtkostenrechner. Once in the Application, 

user must select, from the drop-down menu “Home”, the option “Cost Finding” and then, “General Rate 

Inquiry. In this screen, on the consignor side select the search button. The search button will allow to 

find a certain supplier DUNS number according to the know characteristics. For instance, the Krias-No 

(which is the 9 digit code mentioned before), can be one of the most direct ways of performing this 

search. On the consignee side, for Volkswagen Autoeuropa analysis, write “43” on the first line, as this 

is the code that identifies Palmela’s Plant.  

Furthermore, insert the value of total taxable weight (from OutputsScenario) on “Load: Actual Weight” 

and click “Calculate costs” at the lower right corner. 

This step needs to be performed for all different taxable weight values present in the OutputsScenario. 

In the worst case, 60 values need to be calculated. However, and fortunately, plenty of values are 

repeated for a supplier; and for biweekly and weekly scenarios, since there are less deliveries, the 

amount of values diminishes (10 for biweekly and 5 for monthly), leading to a real worst of 35 values, 

assuming that they are all different.  

After the transportation prices are transferred to the OutputsScenario sheet, the user can print the 

summary values to a pdf file, by pressing the button in the Input sheet, as indicated in Figure A10.5.  

Figure A10.5 – Input sheet with indication of the button to save the main results to a pdf file 
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Appendix 11 – Computational results for Portugal  
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Appendix 12 – Computational Results for Spain  
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Appendix 13 – Computational Results for France  

 

 

 

 


