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Abstract 
 

 This report describes a thesis project conducted at Eastman Chemical to redesign the 

distribution network of the formic acid product group to find a cost-efficient solution. Currently, the 

network consists of a production plant and a main storage facility where customers are supplied from 

both locations. We analyze the current network and present its current performance. According to 

the objective of the company and insights obtained from the analysis of the current network, we 

develop a Mixed Integer Linear Programming (MILP) model to solve the supply chain network design 

problem. Decision variables of the model are storage locations, capacity levels and customer 

allocations. We use this model to find the cost-efficient network design for the formic acid product 

group. We achieve an 8 % cost reduction in the optimal case compared to the current distribution 

cost. We make recommendations on how to implement this result into practice, discussed its 

operational consequences and provided a plan of actions for the implementation. 

 

Keywords: Distribution network design, supply chain network design, mixed integer linear 

programming (MILP), chemical industry 
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Executive Summary  
 

Introduction 

 The master thesis was conducted at the supply chain department of Eastman Chemical in 

Rotterdam. Eastman is a global specialty material company that operates in different product groups. 

We focus on the distribution network of formic acid which is produced in Finland and delivered to 

customers globally. The customer shipments are done mostly in bulk by using either tank trucks or 

intermodal with tank containers. 

Problem Statement 

 The animal nutrition supply chain team currently looking for possibilities to decrease the 

distribution cost since competition in the market is negatively affecting the selling price. The 

abundance of formic acid in the market pushes the selling price down and in order to be competitive, 

it is important to decrease the distribution cost.  

 We identify two improvement opportunities in the distribution network to make it more cost-

efficient. In the current network, most of the customers are supplied directly from the plant in Finland 

and a significant share of these customers are in Germany, Italy and Spain. We can benefit from 

consolidation by shipping to a central location in large lot sizes and delivering these customers from 

that central storage. The second improvement potential is increasing the lot size of current 

replenishment shipments to storage in the Netherlands. This storage location serves customers in the 

Netherlands, Belgium and France. Increasing the lot size can lead to a decrease in unit cost as a result 

of economies of scale effect in the replenishment shipments. However, it is not possible to increase 

the lot size in the current network due to storage capacity limitations and operational constraints.  

 Both improvement opportunities can be investigated by modeling a network design problem. 

In this way, consolidation opportunities can be obtained with multi-echelon network configuration 

and parcel lot sizes can be increased by storage capacity decisions in the supply chain network. 

  

Research Design 

 Based on our problem statement, the following research question is written: 

What is the cost-optimal distribution network design for the formic acid product line of Eastman such 

that it satisfies service levels and supports future developments? 

 In order to answer this question, we analyze the current network in detail and develop a 

solution methodology for this supply chain network design problem. While analyzing the current 

network setting, we first plot its diagram to identify flows, storage and transportation capacities and 

lead times. It is followed by the performance analysis of the system using both financial and non-

financial performance measures. We also discuss possible operational constraints that can affect the 

redesign of the network. 

 In the design part, we start with identifying possible alternative network designs (storage 

locations and shipment links). After deciding on those, we calculate the values of the parameters that 

are required for the model (storage and transportation costs, customer value and customer demand). 

In the next step, solution methodology is developed for the supply chain network design problem 



4 
 

using insights from literature and including the company’s objectives and system constraints. We 

develop a MILP model and obtain the results. In order to understand the effect of changes in 

parameters, a sensitivity analysis is conducted. In this way, we observe the changes in the results by 

changing demand, production capacity, customer allocation constraints and capacity levels. We make 

our recommendations based on the results of the base case and sensitivity analysis. Also, the 

operational consequences of the recommended action and implementation time plan for the new 

design are discussed.  

Analysis 

 In the first part of the study, we analyze the current distribution network by identifying the 

current configuration, performance and constraints. In the current network, there is a production 

facility in one location (Oulu) and there is one external storage point in the Netherlands. Customer 

orders are distributed from these two locations. Replenishment orders are sent by parcel tankers from 

Oulu to the NL storage facility and, in this link, bottleneck capacity is the storage capacity at the NL 

storage. In the performance analysis, we first focus on cost drivers separately. We observe that 

customer shipment costs can be reduced significantly by increasing the fullness of deliveries (truck or 

isotainer). Also, we show that parcel lot size has a significant effect on the unit cost, so lot size and 

storage capacity levels should be included in the model to represent practical case better. When we 

analyze the non-financial performance measures, we observe that shipments to customers in Spain, 

Italy and the UK have relatively low performance in terms of lead time compliance and on-time 

delivery performance. Also, we show that the company performs well in following the target inventory 

and its inventory turnover is better than industry norms. In terms of possible constraints for redesign, 

we identify production and transportation constraints, shipment resource constraints and customer 

allocation constraints. These insights are used while building the model. 

Model 

 In the solution design part, we identify possible network alternatives, calculate related 

parameters and design a model to find the most cost-efficient network design. We select alternative 

storage locations based on their suitability for chemical operations, availability of incoming and 

outgoing transportation options and closeness to customer locations. In addition to the current 

storage location in the Netherlands, we select storage alternatives in Germany, Spain and Italy. We 

calculate the input parameters required to build the model. These are cost values (storage, 

replenishment and customer shipment), customer value and customer demand. Based on the 

objective of the company, insights from analysis of current network and literature, we develop a MILP 

model that includes different supply chain aspects. The model has a multi-echelon structure, uses 

actual customer locations, has capacity level options for storage locations and has a value 

maximization objective. The model combines features that haven’t been included together in a 

chemical supply chain network design model before in the literature and it includes the most critical 

aspects in terms of practical application to result in an accurate and implementable solution.  

Results 

 We have found a 7% decrease in total distribution cost and an 8% increase in the value created 

in the overall network as a result of the base case. The model proposes to increase the storage capacity 

(by 3 tanks) at the current storage location in the Netherlands and change customer allocations. In the 

sensitivity analysis, we change several input parameters to observe their effect on the results. We 

observe that increasing capacity by 1 tank results in more than half of the savings that can be obtained 

by increasing by 3 tanks. When we relax the customer allocation constraints partially, storage location 
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decision does not change but when there are no allocation constraints, the model proposes to store 

only at the production facility in Oulu. When we change the production capacity and customer 

demand, we do not observe a change in the storage location.  

Recommendations 

 Based on our analysis, we recommend an increase in the capacity of the current storage 

location in the Netherlands. The company should first assess the financial effect of removing customer 

allocation constraints since it affects the storage location decision. With the current information, we 

observe that removing these constraints is expected to result in higher costs than its benefit. Without 

removing these constraints, the best strategy is storing in the Netherlands. The company can first 

rearrange the customer allocation (without capacity increase), this can lead to a significant cost 

reduction (4,2%) with relatively small change. Then, the company can increase the storage capacity 

by 1 tank, which leads to an overall 6,3% cost reduction. After observing the results of these changes 

in practice, the company can consider further increasing the capacity to achieve maximum cost 

reduction (8%). We discuss the operational changes required to implement the new network design. 

The company should check the possibility of renting an additional tank and renegotiate customer 

shipment agreements with logistics companies due to changed customer allocation and volumes. We 

also present a time planning for implementing the new design where the main steps are management 

decision, negotiations for the new tank and customer shipment links, and adjustments in the tank 

storage site. We expect it to take around 1 year to become fully operational. We make the following 

recommendations and future research directions: 

Recommendations: 

- Building a dashboard to monitor actual cost drivers of the network more easily 

- Investigating the possibilities in increasing the customer shipment % fullness 

- Arranging parcel lot sizes to avoid local high unit costs due to the stepwise structure of the 

parcel freight rates 

Future Research: 

- Investigating cost reduction possibilities by including derivative distribution into the focused 

network 

- Investigating opportunities for increasing the % fullness of customer shipments in 

collaboration with customers 

- Investigating the effects of supply chain disruptions and opportunities from transshipment 

among storage locations 
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1. Introduction 
 

The report is written to describe the thesis project conducted at Eastman Chemical Company 

(Rotterdam) in order to fulfill the requirements of MSc in Operations Management and Logistics at 

Eindhoven University of Technology. 

 This section starts with a description of the company in Section 1.1. Followed by the 

explanation of the problem context in Section 1.2. In Section 1.3. and 1.4., we discuss the research 

objective and the scope of this project. It is followed by the presentation of the research question and 

sub-questions in Section 1.5. The methodology of the research is given in Section 1.6. and related 

literature discussed in Section 1.7. 

1.1. Company Description 
 

Eastman Chemical B.V. (Eastman) is a specialty material company and has operations globally. The 

company produces various products that are used in items that people use daily. The company was 

founded by George Eastman in 1920 in Kingsport, Tennessee, USA (the current headquarters) and had 

$10 billion sales revenue in 2018 with more than 50 manufacturing locations around the world (Figure 

1). Mark Costa is the Chairman and Chief Executive Officer of Eastman since 2014 (About Eastman, 

2019).  

Operations are grouped under 4 business segments. These are Additives & Functional Products, 

Advanced Materials, Chemical Intermediates and Fibers (About Eastman, 2019). The company has a 

leading position in the following end markets: 

- Transportation 

- Building and Construction 

- Consumables 

- Consumer Durables 

- Industrials and Chemicals Processing 

- Food, Feed, and Agriculture 

- Health and Wellness 
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Figure 1 Manufacturing Locations 

 

1.2. Problem Context  
 

The focus of the project is the Animal Nutrition business unit which is one of the seven sub-

categories under Additives & Functional Products. Under the Animal Nutrition, there are five 

production streams and the focus is the Formic Acid (FA) stream (Figure 2). 

 

 

Figure 2 Focused Major Business Unit, Sub-category and Production Stream (focused ones are in orange) 

 

At the upstream production, formic acid is produced from heavy fuel oil, methanol, ammonia 

and potassium hydroxide. Formic acid is both sold and used as raw material. By further processing of 

formic acid, its derivative products are obtained. The derivative products are silage additives, formats, 

liquid blends and industrial blends. 
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Both the formic acid and its derivatives are sold as end products and used by the customers 

for different purposes. Formic acid is used for pH control, disinfection, reactant and solvent. Silage 

additives products are essential for grass, maize and fish silage preservation (such as preventing 

molding after the silage is harvested). Liquid blends are mainly used for animal performance and feed 

preservation, whereas formats are used as airport runway deicers. Finally, industrial blends have 

various usage in leather, paper and chemical industries. 

  

Distribution Network 

The formic acid production takes place at the Oulu (Finland) plant. The straight formic acid is 

shipped to customers from either the Oulu plant or the storage facility in the Netherlands (NL storage). 

Also, derivative products are produced (from straight formic acid) at the facilities in the Netherlands. 

The supply chain network is shown in Figure 3 and explained in more detail in Section 2.1.  

 

 

Figure 3 Distribution Network 

 

Methods of Shipment  

There are two main shipment methods as bulk and packed. Most of the shipments are done 

in bulk and different vehicles/equipment are used for these operations. Isotainer (Figure 4) is the most 

common way of shipping. This is a 21-24 m3 tank container which can be carried by different modes 

of transport such as road, rail and sea, which is required for intermodal deliveries. Tank trucks (Figure 

5) are mainly used in deliveries to customers in close distance from storage facilities. They are also 

used in the transfers from the Oulu plant to the Oulu port. Another method is the parcel tankers. 

These are ships with separate liquid storage tanks. They can carry different products at the same time 

in large quantities. In the current distribution setting, this method is used for the shipment from Oulu 

to storage in the Netherlands and the average shipment size was 440 mts in 2018. For smaller 

customer orders, products are packed in different sizes at the Oulu site. The packing options are 30 L 

canisters, 200 L drums and 1000 L IBCs. 
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Figure 4 Tank Container (Isotainer) (Mccontainers, 2019) 

 

Figure 5 Tank Truck (MAN, 2019) 

 

Customer Demand 

Formic acid customers are mainly located in Europe. W EUROP+ and C EUROPE subregions 

account for ~ 85 % of the demand (Countries in these subregions are given in Appendix A). The overall 

customer demand distribution is given in Figure 6. Within Europe, the highest demands come from 

Germany and Italy. Also, most of the shipments to EMEA and North America regions are done in bulk, 

whereas it is shipped as packed products (IBC, drums, etc.) to customers with low order quantities.  
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Figure 6 Formic Acid customer distribution on map 

 

 

1.3. Research Objective 
 

Currently, the company seeks ways to decrease distribution costs due to increased competitor 

pressure on selling prices. The market for formic acid products is oversupplied and this pushes the 

selling prices to lower levels. By conducting interviews with company stakeholders, we have observed 

two improvement potentials to consolidate flows in the distribution network in order to achieve a 

more cost-efficient network. 

 The current distribution network of the focused product category consists of one production 

plant and a storage point to deliver customer orders. The product is both produced and stored at the 

Oulu (FI) facility.  The second storage point is in the Netherlands which receives replenishment 

shipments by parcel tankers from Oulu and delivers customer orders from its storage tanks. The 

average shipment size of a parcel tanker (440 mts) is significantly larger than the size of an isotainer 

(24 mts) and this shows that the Oulu-Netherlands link of the distribution network is consolidated. 

The tanks at the Netherlands storage are used for customer deliveries only in the Netherlands, 

Belgium and France. However, most of the straight formic acid customers (63 % of the total sales 

quantity in 2018) are supplied directly from the Oulu plant and within these direct shipments 

Germany, Italy and Spain constitute 44% of the flow (in 2018). This shows that there is still potential 

to benefit from consolidation to decrease shipping costs in these flows since the route from Oulu to 

these countries (Germany, Italy and Spain) has sea route alternatives where parcel tanker shipments 

can be used.  It can be expected that the inclusion of parcel tanker shipment to the distribution 

network can decrease the unit delivery costs due to economies of scale effect. 

Another improvement potential is to increase the lot size of the current parcel tanker 

shipments between Oulu and the Netherlands to benefit from lower parcel unit costs. Currently, there 

are several factors which prevent shipping in larger quantities with parcel tanker at Oulu-Netherlands 

link. First, the storage capacity at the Netherlands storage puts an upper limit on the amount that can 

be shipped. Second, due to the remote location of Oulu, the available parcel tanker frequency is low. 
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The time between ships is around 4 weeks and it varies. This uncertainty sometimes leads to earlier 

than optimal time shipments since the next available shipment date may risk out of stock at the 

Netherlands storage. Earlier shipment means the arrival of the ship to the Netherlands when there is 

still material in the tanks, so this leads to shipment lot sizes less than the storage tank capacity. 

Moreover, ships may stop at other ports to load or unload materials on the way to the Netherlands 

and these may increase the travel time. This uncertainty also leads to smaller shipment sizes due to 

the same reason in schedule uncertainty issue. In the current operations, parcel shipments are done 

in the highest possible lot size and it shows that optimal lot size can be higher, but it cannot be reached 

due to constraining factors.  

Based on the company’s cost reduction objective and observed improvement potential, we 

define the project focus as high cost due to network configuration related problems and solution 

methodology is developed to this technical strategic logistic problem. The problems of less 

consolidation and small lot sizes in parcel shipments are the challenges arising due to more strategic 

decisions of distribution network configuration selection. For instance, consolidation opportunities 

can be obtained with a multi-echelon network configuration and parcel lot sizes can be increased by 

storage capacity decisions. Also, since more strategical level decisions should be given before the 

tactical and operational decisions and due to the time limit of the project, the focus is limited to these 

problems. 

 

1.4. Scope 
 

In this study, the straight formic acid distribution network is focused within the Eastman 

Animal Nutrition business unit. Formic acid is both sold in straight form and used in the derivative 

production. However, the distribution of the derivative product is not included in this project. In other 

words, the production facility for derivatives is considered as a customer for straight formic acid. Also, 

FA customers in the USA are supplied from the storage facility in the USA. Since the demand of these 

customers is insignificant, we only focus on the flow until US storage. As a result, the focused network 

starts after the production of formic acid until its delivery to formic acid customers and derivatives 

production facilities. The focused network is shown in Figure 3. All the customers around the world 

are included, so this is a global network optimization project. Within the different shipment 

conditions, only bulk deliveries (isotainers or tank truck) are included and packed products (IBC, 

drums, etc.) are excluded since packed product demand constitutes a small share of the overall 

demand. 
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1.5. Research Questions 
 

In this section, the research question and sub-questions are given, and they are explained in 
detail. Based on the company’s problem and discussion in Section 1.3, we determine the following 
research question and sub-questions for this thesis project. 

 
Research Question:  

What is the cost-optimal distribution network design for the formic acid product line of 
Eastman such that it satisfies service levels and supports future developments?  

 
Sub questions:  
1- How is the current design of the formic acid distribution network?  
2- What is the performance of the current distribution network (in terms of related KPIs)?  
3- What are the operational constraints that might affect the network design?  
4- What are the possible new network design scenarios?  
5- What are the relevant parameters for alternative scenarios?  
6- What is the best scenario for the distribution network in terms of cost and service level?  
7- How sensible is the new network to changes in demand and supply?  
8- What are the operational consequences of the new design?  
9- What are the changes that the company should undergo to implement this design?  
 

 

For the diagnosis part of the project, first (Sub-question 1), the flow of the materials in the 
network is identified and the distribution network is plotted (Discussed in Section 2.1). Following this 
step, system performance is investigated in more detail (Sub-question 2). The key performance 
indicators are identified and quantified as far as data is available. Logistic costs, customer lead time 
compliance (delivery on time), inventory turnover and average customer lead time are used to 
evaluate the performance. By using these values, the performance of the system is presented, and 
these values are used as a comparison while evaluating the new design alternatives (Discussed in 
Section 2.2). The next step is identifying possible factors that can be a constraint in the new network 
design (Sub-question 3). These are resource constraints like isotainer unavailability, and material 
availability constraints related to the production capacity at the plant (Discussed in Section 2.3). 

In order to start the design stage, possible new network alternatives are identified (Sub-
question 4). The storage and shipment of chemical products require specialized facilities and they 
need to be suitable for incoming and outgoing shipment vehicles. Also, they need to be in the ideal 
location for transport modes available to and from the storage. For example, there should be a storage 
facility between the shipment modes with different frequencies like the parcel tanker and tank trucks 
where the parcel tanker delivers once in a month to the port in large quantities. Then, tank trucks can 
carry it daily throughout the month from the port storage. The possible storage locations and 
transportation options are determined according to these criteria (Discussed in Section 3.1). 

 
After the identification of possible network alternatives (storage and mode of transport), all 

required cost parameters are identified (Sub-question 5). The real values are used when possible, 
otherwise, assumptions are done. There are mainly two different sources of cost; storage and 
transportation. We also discuss the calculation of customer value and customer demand (Discussed 
in Section 3.2). 

In the next step, solution methodology, which is found from the literature and modified 
according to the focused network context, is applied (Sub-question 6). First, we discuss the 
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contribution of the literature to the design of the solution methodology. Then, we explain the details 
of the MILP model developed and present the results for the base case scenario (Discussed in Section 
3.3). 

Sensitivity analysis is conducted to observe the effects of possible changes in the input 

parameters (Sub-question 7). The parameters used in sensitivity analysis are demand quantity, supply 

quantity, storage capacity levels and service level constraints. After the sensitivity analysis, the results 

of both base case and sensitivity analysis are discussed and recommendations are given according to 

the obtained results. (Discussed in Section 3.4 and 3.5) 

After deciding the new network scenario that can be implemented, its operational 
consequences are discussed (Sub-question 8). The new distribution network design results in new 
operational requirements as a consequence of changes in customer allocations and storage capacity 
(Discussed in Section 3.6). 

In the last step, for the new recommended distribution network, there needs to be a 

transformation period and planning for that (Sub-question 9). Required actions to implement the new 

network and its time planning are discussed (Discussed in Section 3.7). 

 

1.6. Methodology 
 

The process structure of the project is explained in this section. The research project is 

conducted by applying the problem-solving cycle (Van Aken & Berends, 2018).  

The problem-solving cycle (Figure 7) starts with ‘Problem definition’. For problem definition 

interviews were done with the formic acid project team members and the perceived problems were 

identified. Combining this with the initial problem description given by the company ‘problem mess’ 

was created. With the help of the cause and effect tree, the problems were structured, and the focus 

of the project was selected by considering the priority of the problems to the company and the 

feasibility of an effective solution within the time limits of the project. At this stage, initial data analysis 

was conducted, and the problem was defined in consultation with the company supervisor. In parallel 

with the problem definition, the scope of the project was determined, and the research question was 

written. At the end of the problem definition step, the research proposal was written. In the ‘Analysis 

and diagnosis’ stage, the problem and the context were analyzed further. This was done using both 

qualitative and quantitative methods. Interviews were conducted with the stakeholders of the 

selected problem. A throughout data analysis was conducted to better understand the problem and 

its causes with the support of the literature. At this stage, diagnosis sub-questions were answered. At 

the ‘Solution design’ step, solution methodology was designed to deal with the most critical causes of 

the problem. Also, recommendations and plan of actions were prepared for the company. As a result, 

the remaining sub-questions and the research question were answered. The other steps of the cycle 

(Intervention and Evaluation and learning) are out of the scope of this master thesis project. 
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Figure 7 Problem solving cycle (Van Aken & Berends, 2018) 

1.7. Literature Review 
 

In this section, we briefly discuss the development of Supply Chain Network Design (SCND) 

problems and discuss the different modeling approaches in the articles with similar problem context 

as our project. 

In Facility Location Problem (FLP), the main decisions are which facility(s) to open and which 

customers to allocate which facilities while minimizing the cost (Melo, Nickel, & Saldanha-da-Gama, 

2009). On the other hand, ‘’Supply Chain Management (SCM) encompasses the planning and 

management of all activities involved in sourcing and procurement, conversion, and all logistics 

management activities’’ (CSCMP, 2020). As a result, while designing the Supply Chain Network, various 

components, such as procurement, production, warehousing and transportation should be included 

in addition to facility location decisions (Cordeau, Pasin, & Solomon, 2006). The FLP is used as the basis 

for developing Supply Chain Network Design (SCND) problems in the literature. While explaining the 

literature on SCND, survey papers are used to get a more structured view since the literature on this 

topic is extensive. 

In their review article, Melo et al. (2009) showed that simple discrete facility location problems 

are the p-median problem, the Uncapacitated Facility Location Problem (UFLP) and the Capacitated 

Facility Location Problem (CFLP), and, to represent practical settings better, many extensions have 

been proposed in the literature to make the problem multi-period, multi-product, multi-echelon and 

stochastic. They also stated that common supply chain components included in the models in the 

literature are capacity, inventory, procurement, production, routing, and transportation modes, which 

convert problem to a SCND problem. Melo et al. (2009) stated that the majority of the papers focus 

on simple models (1 or 2 location layers, single product, single period and deterministic). When they 

analyzed the SCND components included in the articles, they have observed that the most common is 

inventory, followed by production and capacity. In terms of objective, most of the papers they 
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reviewed have cost minimization objective, while few have profit maximization objective (Melo, 

Nickel, & Saldanha-da-Gama, 2009). 

 

 As stated by Melo et al. (2009), the majority of studies in the literature consider deterministic 

supply chains and include a number of the supply chain components (inventory, capacity, production, 

etc.) which results in a less accurate representation of real-life supply chains. In order to overcome 

this, more studies should be conducted by including the uncertainty and more supply chain 

components in a more realistic way. Also, further studies can be done by models with value (profit) 

maximization objective (in addition to cost minimization) to better assess the business objectives.    

 

After discussing the development of SCND problems in general, papers focusing on network 

design problems in the chemical industry are investigated. The articles focusing on the chemical supply 

chain networks are found by searching in academic search engines and the ones that have a setting 

similar to the focused network in thesis study are selected for further discussion. 

 

 Ferrio and Wassick (2008) proposed a mixed integer linear programming (MILP) model for 

optimizing the supply chain network with a multi-product setting and a flexible number of echelons. 

Their work specifically focused on the redesign of the existing chemical supply chain network and they 

included each customer demand separately (instead of aggregating to zones) which leads to the 

possibility to assign cost components to individual customers and interpret model results per 

individual customer. Also, a value maximization based approach was proposed as an alternative to the 

cost minimization objective. In this approach, unit value is defined for each customer and the overall 

value is found by multiplying the unit value of a customer and supplied quantity to that customer. 

Afterwards, the total cost of the network is subtracted from overall value to find net value. This 

approach can be beneficial when serving all customers is not a constraint and there are some 

customers with high shipment costs. With this objective, the model can eliminate customers with 

negative net value.  Related to that, they divided customers into two groups as preferred and non-

preferred. The preferred customer demand must be met in all cases, while the model can choose not 

to supply non-preferred customers if the overall value they create is negative. Authors used a 

piecewise linear function in order to include the economies of scale effect in the processing costs at 

DCs and plants. They used Special Ordered Sets of Type II (SOS2) in order to model a piecewise linear 

function. Baumgartner et al. (2012) proposed a 3-echelon multi-product supply chain network design 

model with a focus on economies of scale in transport and storage costs. They have used a similar 

approach with Ferrio and Wassick (2008) while introducing piecewise linear costs into the MILP model. 

However, Baumgartner et al. (2012) also included economies of scale effect in transportation 

operations, which wasn’t considered by Ferrio and Wassick (2008). Authors state that transportation 

between chemical production plants and storage facilities (tank farms) shows significantly non-linear 

cost structure due to incremental discounting based on total quantity (Baumgartner, Fuetterer, & 

Thonemann, 2012). The average shipment quantity is closely related to shipment frequency and that 

is why they included frequencies in the model. Amiri (2006) developed a distribution network design 

problem with multiple capacity levels for facilities. The capacity levels were defined by introducing an 

additional index for that and in the constraints, the system was restricted to select one capacity level 

for each open facility. Chatzikontidou et al. (2017) proposed a model for the SCND problem where 

intra-layer flows are allowed. Finally, Tsiakis and Papageorgiou (2008) designed a model that includes 

production and outsourcing decisions.  

 The articles on chemical supply chain design problems consist of different components in their 

model designs (Table 1). In terms of network design, two articles include inter-echelon flows and two 
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of them take actual customer locations while others aggregate customers into zones. Only one article 

includes different capacity levels for the storage at the same location. In terms of costs, most of the 

models have production costs (four out of five) and two of them have inventory holding costs. 

However, incremental discount pricing of shipment (piecewise linear shipment cost) is included in only 

one of the papers even though it is very common in practice and ignoring it may lead to unrealistic 

results as stated in Article 3 (Baumgartner, Fuetterer, & Thonemann, 2012). Other papers use fix rate 

for each source-destination pair. Models are designed for a multi-product in four papers and for a 

multi-period in only one paper.  

 In the thesis project, we include components that are not commonly used in the literature yet 

important in practical applications. Components in the first five rows of Table 1 are included in the 

thesis model. The model has an objective of value maximization to better represent the business 

objectives. Inter-echelon flows are allowed to include direct shipment to customers from the plant. 

Using actual customer locations leads to more accurate results and makes it possible to assess the 

corresponding distribution costs for each customer. Storage levels are introduced to represent the 

actual situation in the storage tank farms. Economies of scale exists especially for the shipments 

between plant and warehouse and it is included in the model by incremental discount cost structure.  

 All of the selected components of the chemical supply chain haven’t been modeled together 

in one of the investigated papers in this report. Also, to the best of our knowledge, they haven’t been 

included simultaneously in the modeling of the chemical supply chain in the literature. Distribution 

network design is important for the companies since it is a major cost source and selected components 

are important to get more accurate results on the distribution network design. We will fill the gap in 

the literature by building a model with these supply chain components. In this way, we contribute to 

both academic literature and solution of the SCND problems in practice. 

Table 1 Components of Selected Articles 

 
Article 1: (Tsiakis & Papageorgiou, Optimal production allocation and distribution supply 

chain networks, 2008), Article 2: (Ferrio & Wassick, 2008),  

Article 3: (Baumgartner, Fuetterer, & Thonemann, 2012), Article 4: (Chatzikontidou, 

Longinidis, Tsiakis, & Georgiadis, 2017), Article 5: (Amiri, 2006) 

 

Article No 1 2 3 4 5

Model objective Cost min.
Cost Min.& 

Max. Value
Cost min. Cost min. Cost min.

Inter-echelon flows No Yes No Yes No

Incremental discount pricing 

for shipments
No No Yes No No

Storage capacity levels No No No No Yes

Actual customer locations No (Zones) Yes Yes No (Zones) No (Zones)

Multi-period No No No Yes No

Multi-product Yes Yes Yes Yes No

Production cost Yes Yes Yes Yes No

Inventory cost No No Yes Yes No
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2. Analysis of Current Network 
 

 In this section, we analyze the current network in terms of its setting, performance and 

operational constraints. First, we present the current setting in detail. This is followed by the 

performance analysis by using financial and non-financial KPIs. Finally, we identify the operational 

constraints that can be a restriction for the changes in the network. By this analysis, we aim to have a 

better understanding of the system and include identified improvement possibilities and constraining 

factors in the solution design to represent the dynamics of the problem better in the model and 

achieve implementable solutions as a result. 

 

2.1. Current Network Setting 
 

The main production site is in Oulu, Finland. Formic acid (FA) is produced at this facility. From 

the plant, there are two shipping options. The first one is direct shipment to FA end customers. This is 

done mainly by isotainers (21-24 m3 tank containers which can be carried by different modes of 

transport) which is conducted by the 3rd party logistic companies. Also, FA is shipped by tank trucks to 

close locations and sent as packed products (in IBC, drums, etc.) to customer orders with low quantity. 

The second option is bulk shipment (by parcel tanker) to the storage facility in the Netherlands. In 

order to do that, first, the required quantity is transferred to the port tanks. Tank trucks are used in 

this operation from the Oulu plant to the Oulu port tanks. At the Oulu port, there are two storage 

tanks with 580 mts capacity which provides more than sufficient capacity to load a parcel tanker ship 

(currently 440 mts on average). The travel duration of a parcel tanker between Oulu and the 

Netherlands changes due to other loading/unloading points the parcel tanker has. The carriers 

operating from Oulu have ships with a maximum capacity of around 1400 mts. The parcel ship unloads 

FA to the tank storage in the Netherlands. Due to restrictions at the port of storage facility in the 

Netherlands, the maximum lot size that incoming parcel ship can carry is 975 mts on average.  The 

storage capacity is just enough for current parcel quantities (tanks are almost full after replenishment 

delivery) and it prevents further increasing the parcel lot size. From storage in the Netherlands, bulk 

FA is used for replenishing the derivative production plant in the Netherlands and storage tank in the 
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USA. This storage also used for satisfying the demand of end customers in close by countries (NL, DE, 

BE and FR). This network is shown in Figure 8.  

 

 

 

 

 

Figure 8 Current Distribution Network Design 

 

 

2.2. Performance of Current Network 

 

Performance measures (PM) play a critical role in supply chain management. As a famous 
quote points out: “You cannot manage what you cannot measure (Sink & Tuttle, 1989).” (Chan & Qi, 
2003). In the previous decades, financial performance measures (such as rate of return on investment, 
cash flow and profit margins) were widely used (Parker, 2000). However, non-financial performance 
measures are gaining more and more importance since pure financial measures do not include 
external effects, intangibles and indicators (Parker, 2000). Research shows that companies measuring 
performance with both financial and nonfinancial performance measures have higher returns on 
assets and market returns (Said, Hassabelnaby, & Wier, 2003). 

Beamon (1998) conducted a literature review to identify PMs used in articles and grouped 
performance measures as qualitative and quantitative. Quantitative measures further sorted as cost-
based and customer responsiveness based. Quantitative measures are shown as follows:  
 
Measures based on cost:  

▪ Cost minimization  
▪ Sales maximization  
▪ Profit maximization  
▪ Inventory investment minimization  
▪ Return on investment maximization  
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Measures based on customer responsiveness:  

▪ Fill rate maximization  
▪ Product lateness minimization  
▪ Customer response time minimization  
▪ Lead time minimization  
▪ Function duplication minimization  

 
In this study, we focus on quantitative measures since they are relatively easy to gather and 

analyze within a limited time. We use the grouping in Beamon (1998) as a guideline. According to 
Gunasekaran and Kobu (2007), performance measures of a company should be selected according to 
the company’s objectives, where important characteristics for effective performance measures are 
being ‘’practical, easy to measure, reliable and comparable to other organizations’ systems’’. In 
parallel with the company’s objective to increase the cost-efficiency of the distribution network, we 
focus on the performance measures related to the cost and balance them with including non-financial 
performance measures since the balanced approach is more efficient as discussed in the article by 
Said et al. (2003).  

In the following sections, we analyze the individual cost drivers that contribute to the 
distribution cost in Section 2.2.1. It is followed by the non-financial KPIs which are customer lead time 
(Section 2.2.2), delivery on time (Section 2.2.3) and inventory turnover (Section 2.2.4). 

 
 

 

2.2.1. Cost Analysis 
 

The distribution related costs are investigated in depth in this section in order to understand 

the activities that contribute to the total cost and as a result, to understand the activities that can 

contribute to the total cost reduction.   

First of all, the total cost and its division to contributing activities for the focused part of the 

distribution network is tried to be achieved through company reports. In the interview with the 

financial analyst, it is found out that all the costs are collected from different sources and consolidated 

at the business unit level (Animal Nutrition BU in this case). After registration of all costs at the 

business unit level, the costs are distributed to lower levels according to predefined formulas. In other 

words, when the cost for a specific part of the distribution network is taken, it is not the actual cost of 

that part but the calculated cost from the total cost with certain assumptions. As explained in Section 

1.2, Animal Nutrition has five production streams and these production streams are divided into 

products. This project focuses on straight formic acid under formic acid production stream and, for 

that reason, total business unit cost data needs to be filtered to the focused production stream and 

focused product. Since it was stated that cost figures get less accurate in lower levels (production 

stream, product, customer order), related costs are not analyzed from these figures.   

However, in order to show the significance of distribution related costs at the Animal Nutrition 

Business Unit level, the cost division is calculated. The highest cost drivers are raw material cost, fixed 

cost and distribution cost in descending order. This shows that distribution cost is one of the major 

cost contributors and improvement in that can have a significant effect on overall product cost.  

The total cost of the focused network is calculated by using the unit costs for different 

activities (shipment, storage, etc.) and usage amount of that activity in the focused time frame.  
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There are two major distribution points in the current setting, which are Oulu and the 

Netherlands. From Oulu, customer shipments are done by external logistic companies and associated 

total cost is calculated from the number of shipments to each customer location and freight rate to 

these locations. However, for the customer shipments from the Netherlands, the Oulu-NL shipping 

cost, the NL storage cost and other operation costs (port fee, surveying, etc.) need to be calculated 

separately. From the NL storage, customer shipment costs are calculated and the cost of shipments 

to derivative production plant and the USA storage tanks are added. 

The focused network includes distribution costs of both customer shipments and 

replenishment shipments (to the derivative production plant and the USA storage ). The total cost of 

the focussed network is calculated as 4.504 RMU (for 2018), where 3.544 RMU is the distribution cost 

of customer shipments and  960 RMU is the cost of replenishment shipments from NL storage. We 

want to compare this number with the company's financial reports to validate. Since, in the company 

report, the cost can be filtered per customer, we can only find the respective number for the flows 

reaching the end customer. So, it is not possible to see related costs for replenishment shipments from 

NL storage. For that reason, we compared the customer shipment part of our cost calculation (3.544 

RMU) with the report (3.819 RMU). The calculated value is 7,2% lower than the value of the report. 

The difference can be due to unforeseen extra costs (extra storage, heating, waiting, etc. ) and 

assumptions of the company report.  

 When we divide calculated distribution cost into two main contributors, customer shipments 

constitute 59% and replenishment shipments (with storage) constitute 41% of the overall cost. This 

shows that both components are important and in the following part we analyze these two 

components in detail. 

 

Customer Shipment Cost  

It is observed from the freight rate list that rates are mostly only changing with the origin and 

destination location pair, and they do not change according to material carried and having LTL (Less-

than-truckload).  

First, the relationship between freight rate and distance is investigated. The shortest distance 

between two points is used in this calculation.  It is observed that a line can be fitted for freight rates 

from Oulu (Finland) (Figure 9). However, rates from the Netherlands storage are represented better 

by a non-linear relation where unit cost decreases with increasing distance (Figure 10). These relations 

are used while modeling alternative scenarios if actual rates cannot be found in section 3.2.2. 
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Figure 9 Distance vs. Freight Rates from Oulu 

 

Figure 10 Distance vs. Freight Rates from the NL Storage 

 

 

The regression line for shipments from Oulu results in relatively low R2 value, which shows the 

variation in freight rates cannot be highly explained by the variation in the distance  (Figure 9).  This 

can be due to geographical effects. Since Oulu does not have a straight connection with locations in 

mainland Europe, actual travel distances can be significantly different than the shortest distance 

between two coordinates. The NL storage has a stronger relation between distances and freight rates 

(R2=0.89). This is probably due to the fact that the Netherlands has fewer geographical barriers to 

customer locations which creates a relatively smaller difference between the actual and shortest 

distance between the storage facility and customer locations. In order to observe these effects on the 

map, we calculate freight rate/distance value for each customer location and plot them as a heat map 

for both Oulu and the Netherlands storage points (Figure 11).  
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Figure 11 Shipment cost efficiency from Oulu and NL storage 

 

Unit shipment costs per km for shipments from Oulu are shown on the left-hand side of Figure 

11.  In the figure blue color, which shows low unit cost, is concentrated to Benelux, North of Germany 

and Portugal. The reason is that shipments are done via sea to these locations and unit cost of water 

transport is the lowest among other modes. On the other hand, customer locations in Poland have 

higher unit costs since it is relatively close to Finland but the freight rate is high. The reason for the 

high freight rate can be the lack of cost-efficient routes between Finland and Poland and the 

requirement to use less efficient options like trucking for long distances or transhipping through a port 

in Germany. This insight about freight rates’ dependence on geography for Oulu shipments is used 

while estimating the missing freight rates. 

Unit shipment costs per km for shipments from the NL storage are shown on the right-hand 

side of Figure 11.  The shipments are done by truck to close locations (Benelux, North of France, West 

of Germany) and inter-model (truck+train) for long-distance deliveries (Italy, Spain ). In the figure, this 

distinction can be observed as per km unit cost values getting smaller with increasing distance as a 

result of the lower unit cost of intermodel shipment. We can also observe that this map verifies the 

strong relation between distance and rates as shown in Figure 10. It can be observed that customer 

deliveries close to storage location have a very high unit cost. This is further investigated while 

developing new network design alternatives in section 3.1.2.  

After showing shipment unit costs from two storage locations separately, the shipment cost 

difference to each customer location is shown in Figure 12. For this calculation, Oulu freight rates are 

taken as shipment cost from Oulu. For the shipment cost from NL storage, we calculate a unit cost 

including Oulu-NL parcel shipment costs and NL storage costs based on 2018 actual costs. This is added 

on top of NL storage freight rates in order to find shipment costs from/through the NL storage. Finally, 

the shipment cost difference between these two locations is shown in Figure 12 for each customer 

location. On the map, positive values represent points where shipping from the NL storage is more 

costly and negative values show where shipping from Oulu is more costly. The results show that most 

of the customer locations can be supplied from Oulu more cost-efficiently. However, the difference is 

small for locations in NL, BE, FR, ES and the UK and there are few in the UK, FR and ES where shipping 

from the NL storage costs less. Also, it can be observed that shipping from Oulu to East of Germany 

and Poland is significantly more cost-efficient. Surprisingly, it is slightly better to ship to the Benelux 
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region from Oulu rather than the NL storage. The reason for that can be the high unit cost of trucking 

from the NL storage to close locations.  

 

 

Figure 12 Freight Rate Difference (Cost from NL storage-Cost from Oulu) 

 

 

Load Efficiency of customer shipments 

The efficiency of direct customer shipments is investigated in terms of the fullness of tank 

trucks or tank containers. It is observed that there are a number of customers who receive less than 

FTL (Full truckload) and the pricing policy of 3rd party logistic companies does not change with the 

fullness of container (It costs the same to ship an empty or a full container). This shows significant 

potential for cost savings by increasing the % fullness of customer shipments. The interviews with the 

logistics team show that the tank capacity of customers may cause lower lot sizes in shipments and 

road regulations restrict the maximum load that can be carried. The potential of cost-saving is 

investigated in two cases. In the first case, the maximum loads that each customer have received in 

past shipments are found and it is assumed that they can receive every shipment in these lot sizes. In 

this way, we investigate the case where customers use the maximum of their storage capacity. New 

values for the number of received shipments are calculated by dividing total quantity shipped over a 

year to the maximum lot size. This leads to a decrease in the number of shipments and associated 

costs. The saving, in this case, is shown in Table 2 and overall saving potential is 3 %. In the second 

case, we assume that each customer can increase its tank capacity to the maximum amount that has 

been shipped to the country they located. In this way, we try to limit the lot size by the maximum 

load-carrying regulations of each country and assume that customers can increase their storage 

capacity when necessary. This case gives 9% overall savings where the highest % saving is for the NL 

storage truck shipments (15,5 %) and the highest saving amount is at Oulu intermodal shipments (124 

RMU).  
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Table 2 Saving Potential from LTL Shipments 

 

 

Oulu-Netherlands Parcel Shipment and Storage Cost Analysis 

In this case, we assume both lot size and storage capacity as decision variables and calculated 

the overall annual cost (parcel+storage) for different lot sizes. It is assumed that the maximum parcel 

lot size that can be shipped is 80% of storage capacity. As it can be observed from Figure 13, parcel 

shipping cost decreases with increasing lot size and storage cost increases with increasing lot size. 

Since the parcel cost function is a step function local peaks are observed at the beginning of price 

ranges (it is explained in more detail in Section 3.2.2).  The overall cost decreases until 900 mts lot size 

and slightly increases afterwards. However, we can say that the overall cost is insensitive to lot size 

changes around the lowest point. This graph indicates that optimal storage capacity can be higher 

than the current capacity.  So, it is important to include capacity levels as a decision variable and 

variable pricing for parcel shipments as an input in the solution design part of the project to see the 

optimal capacity level in a system-wide analysis. 

 

 

Figure 13 Parcel and Storage Cost (Cost vs Lot size) 

 

 

 

 

Intermodal Truck Intermodal Truck

Case 1 Saving (RMU) 31 20 0 24 52 24 76

Case 2 Saving (RMU) 124 31 0 72 155 72 228

Case 1 % Saving 2,2% 3,6% 0,0% 5,1% 2,6% 4,7% 3,0%

Case 2 % Saving 8,6% 5,5% 0,0% 15,5% 7,7% 14,1% 9,0%

NL Storage Overall
Oulu NL Storage 

Oulu
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2.2.2. Customer Lead Time 

 

Lead times are calculated from Oulu and the Netherlands to each country from 2018 shipment 

data. Countries with less than 5 shipments in a year are removed. The company has the target to 

deliver products sent from Oulu and the NL storage within 3 and 1 week(s) respectively. In Table 3, 

the number of shipments above target lead time and its percentage of all shipments are given for the 

lowest-performing three countries from Oulu and totals are given for shipments from Oulu and the 

NL storage. Here, we can observe that the highest percentage of above-target lead time deliveries are 

in countries with the longest distance from Oulu (Spain, the United Kingdom and Italy). While the 

above target percentages are not significantly high, where the highest percentage is 3% in Spain and 

the average from Oulu is 1,4%. This can be further improved by identifying specific customers with 

long lead times and considering to supply them from closer storage locations. Finally, deliveries from 

the NL storage almost always comply with the target with less than 1% above target performance.  

 

Table 3 Deliveries above Lead Time Target 

Storage Ship to Country # above target LT % above target LT 

Oulu ES 5 3,0% 

Oulu UK 2 2,8% 

Oulu IT 4 1,6% 

Oulu All 13 1,4% 

NL All 5 0,7% 

 

2.2.3. On Time Delivery 
 

We calculate the on time delivery percentages from the 2018 data by comparing planned and 

actual delivery dates and considering on time when two values are the same. We exclude countries 

with a small number of deliveries. On time delivery performance is important since both delivering 

early and late cause extra costs. When it is delivered early and the customer is not ready to receive it, 

the product must be stored until the customer can take it. Delivering late can have an impact on the 

production processes of the customer and result in penalty charges. On time delivery (OTD) is higher 

for deliveries from the NL storage when compared to deliveries from Oulu (92% and 71% respectively). 

OTD % for countries are mostly above 90% for deliveries from the NL storage and mostly below 80 % 

for deliveries from Oulu. Within Oulu deliveries, Spain has the lowest performance with 60 % OTD. 

Spain is followed by Germany, the United Kingdom and Italy with 67 %, 69% and 78 % respectively.  

 

Table 4 Delivery on Time 

 

 

Ship to Location

Ship from Location DE NL IT FR ES GB SE DK BE Total

OULU 67% 78% 60% 69% 84% 80% 71%

NL Storage 91% 94% 89% 93% 92%

Overall Average 76% 92% 78% 87% 60% 70% 84% 80% 93% 80%

Delivery on time %
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2.2.4. Inventory Target and Turnover 

 

In this section, we compare the company’s target inventory and actual inventory, and the 

inventory turnover at Oulu and the NL storage with the industry average. 

The target inventory level is calculated by the company considering various inputs such as 

predictions on demand, production and market conditions. We have compared this value with actual 

inventory levels at the end of months for the first 10 months of 2019. 

 

 

Figure 14 FA Inventory Levels (2019) 

 

From Figure 14, it can be observed that actual inventory fluctuates around target inventory 

(both above and below), so we can say that the target values are not biased. Fluctuation is mainly due 

to unpredicted changes in demand and supply capacity.  We calculate the % difference between target 

and actual inventory for each month and convert them into absolute values in order to achieve more 

meaningful results. The average difference from the target in absolute terms is calculated as 11 % and 

its standard deviation is 7 % (Table 5). 

 

Table 5 Inventory Target and Actual 

 

 

The inventory turnover for two main storage points of formic acid are calculated. It is found 

that Oulu storage turns over the inventory 14 times a year and it is 7 for the NL storage. According to 

Inventory % 

difference
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Average St. Dev.

% difference -6% 1% 12% 12% 2% -16% -16% 6% 24% -9%

Abs. % diff. 6% 1% 12% 12% 2% 16% 16% 6% 24% 9% 11% 7%
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Kotlik et al. (2017), industry leaders in the chemical industry have an inventory turnover of 14 and the 

low performing companies have 6. According to these values from the industry, Eastman performs at 

the same level as industry leaders with an inventory turnover of 14 at the Oulu location. The value for 

the NL storage is low but it is due to replenishment policy. In order to benefit from lower unit parcel 

costs, replenishment shipments from Oulu to NL are done in large lot sizes and it increases the average 

inventory level at the NL storage. 

 

2.2.5. Discussion 
 

In the performance analysis, we both present financial and non-financial performance 

measures. In the cost analysis part, we compare the distribution cost calculated from known unit rates 

of storage and transportation related activities with the value of the company reports. We observe a 

small difference (7%) between these two cost figures and conclude that it can be due to unforeseen 

extra costs (extra storage, heating, waiting, etc. ) and assumptions of the company report. Then, we 

analyze two major components of distribution cost separately, which are customer shipment cost and 

replenishment shipment cost (including storage). We observe that there is a significant cost reduction 

opportunity by increasing the % fullness of deliveries. Also, we observe that parcel lot sizes have a 

significant influence on replenishment shipment costs and the optimal value is obtained in a larger lot 

size than the current one. For that reason, in order to represent the practical case more accurately, it 

is important to include a stepwise cost structure of parcel shipments and the capacity levels at the 

storage locations. When we look at the customer service measures, maximum lead time compliance 

is high while on time delivery performance is relatively low for the deliveries from Oulu (71%). In both 

performance measures, the lowest-performing countries are Spain, Italy and the UK. This is due to the 

long distance between these countries and Oulu (where they are supplied from) and it increases the 

possibility of delay with increasing lead times. Finally,  we show that target inventory values are 

achieved with an 11% average absolute difference and inventory turnover is better than industry 

norms.  

 

2.3. Constraining Factors 
 

There are a number of constraining factors that should be considered while investigating 
alternative network scenarios. These factors are originated from manufacturing and business setting, 
and geography. These factors cannot be changed due to either it is not in the scope of this project or 
it is an external factor. So, these aspects should be dealt as constraints while constructing the 
mathematical model. In the following part, possible constraints are explained. 
 

The maximum production capacity at the Oulu plant is fixed. Since the Oulu plant is the only 
location for formic acid production and there is not any possibility to increase it, this production 
capacity restricts supply quantity. Also, a certain part of formic acid produced at Oulu is used as a raw 
material in the production of derivative products at the Oulu facility. So, this further decreases the 
amount that can be used for supplying straight formic acid demand of the customers.  

 
Another constraint is the available tank containers on the market. The majority of the direct 

customer shipment from Oulu is intermodel and tank containers are used in this type of shipment. 

However, the tank container is a scarce resource. Also, due to tank container shipment imbalance to 
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Oulu, repositioning (transporting empty tank containers to required location) is needed during the 

higher than expected demand periods.  

The amount that can be shipped with the parcel is affected from several variables. First, the 

maximum capacity of the parcel ship. The carriers operating from Oulu have ships with a maximum 

capacity of around 1400 mts. In addition to that, storage tank capacities at the source and destination 

restrict the amount that can be shipped since the ship is (un)loaded from the storage tanks onshore. 

Also, the depth of the port can be a limiting factor. For instance at the NL storage, according to 

interview with shipment planning responsible, depth of the port restricts incoming lot size to 750-

1200 mts based on the type of parcel ship used. It is possible to change storage capacities onshore 

and it is regarded as a variable in the model. However, parcel ship capacity and port depth are external 

factors and they are considered as constraints. 

Also, customers that manufacture products used in animal feed have certain delivery 

requirements. This is managed by Good Manufacturing Practices (GMP) certification. For example, the 

isotainer which carries a feed product must not have been used for certain products previously. It is 

difficult to find delivery options that satisfy these requirements from Oulu. For that reason, deliveries 

to feed customers are done through NL storage, where it is easier to find delivery options satisfying 

feed requirements. 

There are several uncertainties in the network. First, there can be delays in production. But the 

production is continuous and there is significant storage capacity at the plant and port to compensate 

for the delays in the production. Also, currently, there is extra capacity for production, so after a 

production stop, it can be possible to catch up the production target by increasing the production rate. 

Another uncertainty is the parcel shipment schedule. It may not be possible to find an available parcel 

ship at the desired time for the shipment since Oulu is not a frequently visited location for parcel ships. 

Also, the sailing duration of parcel ship varies due to possible stopovers. We can also expect a change 

in customer demand based on market dynamics. We address the uncertainty in the parcel shipment 

schedule while calculating the maximum parcel lot sizes in Section 3.3.1. Also, we show the effect of 

demand uncertainty in the sensitivity analysis (Section 3.4) by testing different demand scenarios.  

These constraining factors are considered while selecting alternative networks, building the 

mathematical model and discussing the results.  

  

3. Solution Design – Modelling 
 

In the solution design section, based on the company objective and insights from the analysis of 

the current network’s performance, we develop a Supply Chain Network Design (SCND) model and 

apply it to the focused network in this project. In the following sections, we find alternative network 

scenarios, find the most cost-efficient solution with the developed mathematical model, conduct a 

sensitivity analysis and discuss the results with recommendations to the company. 
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3.1. Possible network design alternatives 
 

This section shows the alternative scenarios we have developed. We test the ones that do not 

require system-wide analysis and we explain the new network alternatives which are included in the 

designed mathematical model in Section 3.3.  

 

3.1.1. Initial Scenario Feasibility Analysis 
 

Dilution at the NL storage 

Formic acid is produced in various grades and 2 different grades (85% and 99%) are shipped to the 

NL storage and stored there. All the grades are produced at Oulu in the current process. However, we 

thought that there can be an improvement potential by shipping 99% FA to the NL storage and diluting 

there to produce 85% FA. The majority of the product shipped from Oulu to the NL storage is 85 % FA 

and this constitutes 15 % water and 85% pure formic acid, which means 15% of the shipment is water. 

As an alternative, shipping 99% FA to the NL storage and diluting there to produce 85% FA is 

considered. In this way, due to the reduction of unnecessary water shipment and storing less material, 

one can expect a reduction in shipment and storage costs. On the other hand, the production cost of 

99% FA is higher than 85% FA and this can lead to an overall cost increase in the alternative scenario. 

In order to evaluate both current and alternative scenarios,  the associated costs to have 1 mt of 85% 

FA at the NL storage ready to be shipped to customers are calculated. Calculations are shown in Table 

6. The cost of the current setting is calculated by summing up its production cost and related shipping 

and storage costs. The cost of the alternative is calculated likewise, but for this case, shipping and 

storage costs are reduced by multiplying with 0,85/0,99=0,86, since in order to get 1 mt of FA85, 0,86 

mt FA99 is needed. Also, the cost of dilution at NL storage is added to alternative scenario costs.  

 Results show that the cost of the alternative scenario is 15% higher than the current case ( 

(70,6-61,3)/61,3 = 15%). The sensitivity of the result is checked by finding the increase needed in the 

shipment and storage cost to reach a break-even point. It is found that shipment and storage cost for 

1 mt need to be 4,6 times the current value to result in the same cost in both scenarios, which is very 

unlikely. We can conclude that the shipping product as FA99 and diluting is not a cost-efficient 

alternative. 

Table 6 Dilution Cost Calculation (values are in RMU) 

 

Cost drivers Produce FA 85 @ Oulu Produce FA 85 @ TPT

1 mt FA85 production cost 47,6                                                   

1 mt FA85 Oulu - Oulu Port 0,8                                                      

1 mt FA85 Oulu-TPT Parcel (ship+other costs) 11,1                                                   

1 mt FA85 TPT Storage 1,8                                                      

(0,85/0,99) mt FA99 production cost 58,4                                                  

(0,85/0,99) mt FA85 Oulu - Oulu Port 0,7                                                     

(0,85/0,99) mt FA85 Oulu-TPT Parcel 9,5                                                     

(0,85/0,99) mt FA85 TPT Storage 1,6                                                     

Dilution cost @TPT 0,4                                                     

Total Cost 61,3                                                   70,6                                                  

Costs for 1 mt of FA 85 @ TPT
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Barge shipment within the Netherlands 

 In the cost analysis section (2.2.1), it is observed that the unit cost of shipping from the NL 
storage to close locations is relatively high. Also, total demand is high in this range and customer 
orders are shipped by frequent tanker truck deliveries. It shows an opportunity for time consolidation 
to decrease the frequency of shipments and increase the lot size.  As an alternative with a higher lot 
size, the barge shipment option is considered to the inland ports close to the high demand locations 
within the Netherlands. Obtained rates showed that only the barging cost (without required storage 
cost at the inland port and customer shipment from there) is higher than the door to door trucking 
cost. So, this option fails to achieve cost reduction potential.  

 
Alternative shipment resource to isotainers 

 Alternative shipment resources were investigated to address isotainer availability problems. 
Flexitank is a very large bag that can fit into a conventional container and expends as liquid pumped 
into it. It is a cost-efficient alternative to tank containers since it does not require repositioning. 
However, it has been found that flexitank is not suitable for dangerous products (VTG, 2020) and 
formic acid is a dangerous product (Eastman, 2020).   
 

3.1.2. Alternative Network Scenarios  
 

First, alternative delivery options from the manufacturing plant at Oulu are evaluated. From 
Oulu, the most efficient mode is water shipment. The first reason is that the Oulu plant is very close 
to the port and major demand locations are close to ports as well, so the shipment need from/to ports 
is minimal. Also, water transport is considered to be the most cost-efficient way of transport for long 
distances (Ghiani, Laporte, & Musmanno, 2013). Another option can be a bulk rail car shipment. 
However, it is costly to use this option for shipments to continental Europe since Finland has different 
railway width (gauge) than most of the other European countries and that leads to extra costs while 
using this option (CER, 2020).  
 The destination points of the parcel shipment options are determined according to the 
presence of chemical port and available transport options from port to customer locations and 
associated distances. The first candidate location is Lubeck (Northern Germany). While it is not very 
close to major demand locations, the distance of sea transport between Finland and Germany is 
relatively short (straight connection) and there are cost-efficient rail connections from Lubeck to 
customer locations. Another option is Barcelona (North-eastern Spain). The proximity of customers 
with high demand to this port makes it a good candidate, but the sea transport leg has a relatively 
long distance to cover from Oulu. The last option is Genoa (North-western Italy). Its advantage is being 
close to major demand points in Northern Italy while, similar to Spain, sea transport distance from 
Oulu is relatively long. Moreover, the current storage location in the Netherlands is still a strong 
option. The concentration of customer locations is shown as a heat map (red color represents regions 
with a large number of customers ) and proposed alternative networks are shown in Figure 15.   
 
 After deciding on the alternatives for the first leg, options of inland bulk shipments within 
Europe were investigated. There are water transport options for this part. Inland water transport in 
Europe is conducted by using rivers and channels. It has been observed that the Rhine is between the 
storage location in the Netherlands and the high demand points. The river can be used to ship products 
to demand locations in Germany and it can be partly used while shipping to Italy. To evaluate this 
option two points are selected on the river; one is in the halfway (Manheim) and one at the endpoint 
(Basel). 
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As discussed in section 3.2.4, formic acid is produced in several grades where FA85 has the 
highest share of demand with 74 % (2019) and FA99 has 15% (2019) share of the demand. Currently, 
both FA85 and FA99 are stored at the NL storage. Since this location serves to large demand share, 
storing two products is justifiable. Lubeck location is also expected to serve large demand like the NL 
storage. Indeed, we expect the model to consolidate the storage in one of them since they are close 
to each other and they have the potential to supply to the same customers. We expect Barcelona and 
Genoa to supply to a small share of the demand due to their geographical location. For instance, from 
Genoa, it is not efficient to ship Germany since Oulu-Germany direct shipment unit cost is already 
smaller than the Oulu-Genoa unit parcel cost. So, we expect it to serve only Italy if selected by the 
model. Also, for Manheim and Basel, we expect lower flow, since they can only be replenished from 
NL storage (so NL storage must be open)  and NL storage is closer to high demand locations than 
Manheim or Basel. Since we expect these locations to have a lower flow, we assume that they can 
only store the product which has a high share of the demand (FA85) in order to increase the efficiency 
of storage.  

 
  

 
Figure 15 Alternative shipment routes on customer location heat map 

 
 

Resulting alternative networks are shown on a map in Figure 15. There are four parcel 
shipment options from the Oulu plant to the NL storage, Lubeck, Barcelona and Genoa. From the NL 
storage, there are two barge shipment options to Manheim and Basel. This network supply the 
demand of 138 customer locations (cities). FA85 and FA99 can be stored at the NL storage and Lubeck, 



37 
 

and FA85 can be stored at the remaining storage locations. FA75, which is produced by adding water 
to FA85, can be shipped from all locations since FA85 is stored at all locations.  
 

3.2. Parameters for chosen alternatives 
 

The storage costs, transportation costs, customer demand and customer values are the main 

parameters required for the formulation of the model.  In this section, calculations of these 

parameters are explained. 

3.2.1. Storage Costs 
 

For the storage facilities, the cost can be grouped as fixed and variable. The fixed cost can be 

the initial investment cost or rent payments. In our project setting, the company uses storage services 

from 3rd parties (except Oulu plant) and they agree on storage capacity and related monthly rent costs. 

Variable costs are the handling costs that emerge from both incoming and outgoing shipments. 

Storage tank rent cost and associated handling costs are found for two locations and it has been 

observed that the cost for both locations is very similar. Based on these known costs, rent and handling 

costs for other storage locations are assumed to be the same.  

 

3.2.2. Transportation Costs 
 

 There are two types of transportation activities. The first one is the customer shipments. This 

is conducted by 3rd party logistic companies from storage locations to customer locations by using 

trucks or inter-model shipments. The company agrees on freight rates with logistic companies for each 

line. The second type is parcel shipments. These are bulk shipments from the production facility to the 

storage location and has a variable pricing structure where the company is charged different unit cost 

based on the lot size of each shipment.  

 

Customer Shipments 

For customer shipment by truck or inter-model, rates are known for currently used lines. 

However, due to the introduction of new storage options, there are new. Due to the long procedure 

to get actual rates for new lines, freight rates for new lines are estimated based on known freight rates 

and the relationship between rate and distance. In the analysis, the minimum distance is calculated 

using coordinates of two locations (great-circle distance).  
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Figure 16 Oulu - Distance vs. Freight Rates 

For Oulu Plant, distance vs. freight rates is plotted (Figure 16). It can be observed that there is 

a positive relationship between distance values and rates as expected. When a line is fitted to all data 

points, the R2 value of 0.53 is obtained which is relatively low and shows fit is not very good (as 

discussed in Section 2.2.1). In order to get more accurate fit and estimations, regression analysis is 

done per country. Countries with sufficient data points are included in this analysis. We find a 

statistically significant relation (p-value < 0,05) for Italy and France (Table 7). They also have relatively 

high R2 values which shows a good fit. These fitted lines are used for estimating the missing rates for 

the customers in these countries. However, we cannot achieve a good fit for Germany and the R2 value 

of 0,02 shows that distance does not explain variation in freight rates. The freight rates that cannot 

be found by using the fitted lines are estimated by taking them equal to the freight rate of the closest 

customer location with a known freight rate. Since most of the rates are know from Oulu, we are able 

to find representative freight rates close to locations with an unknown rate. 

Table 7 Regression Analysis - Oulu 

Country R2 value p-value 

Italy 0,78 < 0,001 

France 0,95 < 0,001 

Germany 0,02 0,51 

 

To estimate the missing freight rates from the NL storage, the same procedure is applied as 

Oulu (Figure 17). We achieve a good fit with statistically significant relationships for Italy, France and 

Germany (Table 8). The freight rates that cannot be found using the fitted lines are estimated by taking 

them equal to the freight rate of the closest customer location with a known freight rate. Since most 
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of the rates are know from the NL storage, we are able to find representative freight rates close to 

locations with an unknown rate. At this stage, we also assumed that shipment from the NL storage to 

FI, NO and SE is not possible, so freight rates are not calculated for these countries. 

 

 

 

Figure 17 NL storage - Distance vs. Freight Rates 

 

Table 8 Regression Analysis – NL storage 

Country R2 value p-value 

Italy 0,88 < 0,001 

France 0,86 < 0,001 

Germany 0,94 < 0,001 

 

While estimating the missing rates from Lubeck, we have observed a very strong relation 

between Oulu rates and Lubeck rates for Germany and Italy with R2 values of 0,98 and 0,99 

respectively (Figure 18). For the remaining missing values, estimation is done by using Distance vs. 

Rates linear relation (R2=0,84). 
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Figure 18 Oulu Freight Rates vs. Lubeck Freight Rates 

The rates from Genoa and Barcelona are not known and they need to be estimated. We have 

derived a linear relation by using the known rates from Milano (R2=0,90) and we assume that rates 

from Genoa and Barcelona can be estimated by using this relation since they are in a similar 

geographical region. 

 The rates from Mannheim and Basel are not known either. In order to estimate them, we used 

the function fitted to all customer locations from the NL storage with R2=0,89, since they are in a 

similar geography and customers are in a similar distance range from these storage locations. We used 

power function in order to include the effect of the changing slope of the plot. As it can be observed 

from Figure 19, points follow a linear relation until distance equals to 600 km, but after 800 km it 

follows a linear relation with the lower slope. For the longer distances inter-model is used and for the 

shorter distances truck is used. This changing shipment mode can be the reason for 2 different slopes 

in the plot since these options have different unit costs per unit distance.  
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Figure 19 NL Storage - Distance vs. Freight Rates (all customer locations) 

 

Replenishment Shipment Cost 

 

Storage locations are replenished from the plant by parcel ship deliveries. Parcel ship 

providers have a stepwise cost structure as shown in Figure 20. In other words, within each lot size 

range, fix lump-sum parcel rate is charged. For example, if the parcel rate for 201-300 mts range is 100 

RMU, then the cost of shipping for both 201 mts and 300 mts are 100 RMU (unit cost at 300 mts is 

0.33 RMU). This pricing structure causes local peaks in the unit price for the lot size values at the 

beginning of the range. For example, if we take the cost of 301-400 mts range as 110 RMU, unit cost 

at 301 mts lot size becomes 0.37 RMU and unit cost at 333 mts becomes 0.33 RMU. As we observe 

from this example, unit cost increases when the lot size passes to the following range (increased from 

0.33 RMU to 0.37 RMU for lot sizes 300 mts and 301 mts); it gradually decreases and reaches 0.33 

RMU at 333 mts. So, it shows that increasing the lot size does not provide unit cost decrease after 300 

mts until 333 mts. In other words, it becomes inefficient to ship in lot sizes at the beginning of the 

range.  In the second graph of Figure 20, these peaks can be observed.  

 

 

Figure 20 Parcel Cost Structure 
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 For the new links, price offers were received from the shipping companies and these values 

are used in the model for the links Oulu-NL storage (currently used), Oulu-Lubeck, Oulu-Barcelona and 

Oulu-Genoa. Also, for the NL storage-Manheim and NL storage-Basel routes price offers for barge 

shipment were obtained and used in the model. 

 There are several additional cost factors for these shipments. First, in order to ship from Oulu 

by sea, materials need to be transferred to the port tank. For this part, tank trucks are used. There are 

also port costs such as port fees and surveying at both source and destination ports. These port costs 

are nearly 7% of the parcel cost and are included in the model. 

 

3.2.3. Customer Value  
 

As discussed in the article by Ferrio and Wassick (2008), for finding the optimal solution based 

on the maximum net value created, the value for each customer is required. We considered the 

customer’s value as the profit margin it has. In order to find this, we grouped costs as production cost 

and distribution cost, and we show that revenue is the sum of profit margin and these 2 groups of 

costs. The production cost per customer and revenue per customer is calculated from the invoice 

report. The difference between revenue and production cost is defined as ‘value before distribution 

cost’ since distribution cost is not an input parameter, but it is calculated by the model. The Value 

(before distribution cost) is given to the model as input parameter and it is included in the objective 

function of the model. The steps are summarized below. 

Revenue = Production Cost + Distribution Cost + Profit Margin 

Value of Customer = Profit Margin 

Value = Revenue – Production Cost – Distribution Cost 

Value (before Dist. Cost) = Revenue – Production Cost 

Value = Value (before Dist. Cost) – Distribution Cost 

 

3.2.4. Customer Demand 
 

The demand data is retrieved from the invoice report for the 1-year duration between August 

2018 and July 2019. First, the rows with quantity or net price values less than or equal to zero are 

removed. It is also checked for extreme values and they are removed.  

Customer pick-up deliveries consist of almost 9% of shipments from Oulu (mainly to FI and 

DK), so customer pick-up quantity was deducted from overall since Oulu location is fixed in the model 

and customers can pick up in the new network as well. For the shipments from the NL storage, the 

customer pick up amount is 1 % of the total. Since the quantity is not significantly large and the NL 

storage location is subject to change in model, no deduction is done for customer pick up quantity.  

Formic acid product is produced in different grades. In the focused part of the network FA85, 

FA99, FA75 and FA75 are delivered to customers. FA85 has the highest sales and together with FA99, 

they constitute almost 90% of all shipped products (by weight). All grades can be supplied from the 
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Oulu plant. FA85 and FA99 are stored at the NL storage tanks and FA75 is diluted from FA85 when 

required. The demands for all the four FA grades are included in the model.  

The vast majority of the customers order from the same product, but there are a number of 

exceptions where customers have orders from two different products. If the second product has a 

significant share of the demand of the customer or it has a small share but significant quantity, we 

add a new demand point for the second product at the same location. This is necessary for less than 

10 customers.  If the second product is not significant, its demand is added to the major product’s 

demand. 

 

3.3. Model design and solution 
 

In the supply chain network optimization problem, several aspects should be considered such 

as different modes of shipment, intermediate transshipment/storage locations and capacities, 

inventory levels at different echelons and customer delivery policies (routing). Moreover, some or 

several of these aspects can have higher importance for different supply chain environments. In this 

project, intermediate transshipment/storage location(s), shipment modes and capacities have higher 

importance due to several dynamics of the system. First, there is a significant opportunity for cost 

reduction by consolidating shipments on the upstream of the network. In order to apply this, the 

network must have echelons where the type of shipment changes. Also, the mode of transport and 

lot size per shipment is important since it introduces significant unit cost differences. However, the 

routing part is irrelevant for this problem case since customer shipments are done by a 3rd
 party and 

the Eastman does not have an influence on decisions related to that. The literature was investigated 

in order to find an effective solution methodology for this problem situation. Related models found 

were modified and improved when necessary in order the grasp more on the dynamics of distribution 

network optimization problem for a chemical company. In the following part, we discussed the design 

of the model and contribution from the literature. 

There are two main solution approaches to SCND problems as Heuristic-Based and 

Mathematical Programming-Based (Tsiakis, Shah, & Pantelides, 2001). According to Melo et al. (2009), 

complex problems with a large number of discrete variables can be solved by heuristic methods in a 

reasonable time. However, these methods have a risk of giving wrong conclusions (Geoffrion & Van 

Roy, 1979). Mathematical Programming-Based approaches can be deterministic or stochastic. 

According to Hubner (2007), stochastic solution methodologies are hard to explain efficiently to the 

decision-makers in the industry. Since our problem case is relatively small, it can be solved in a 

reasonable time with mathematical programming models and it is not necessary to solve with heuristic 

methods that risk the accuracy of the result. Also, the project is conducted in the industry and Eastman 

has the objective to use this solution methodology to improve its distribution network designs not 

only for the product group focused in this project but also for other product groups. So, it is important 

to model in a relatively simple way to make it possible to use in practice more easily. For that reason, 

we use a deterministic mathematical model. As shown in Section 1.7, the features of a distribution 

network that we want to include in our solution design are addressed using the MILP model in the 

literature. In order to evaluate the alternative network scenarios, a Mixed Integer Linear Programming 

(MILP) model is designed. 

While deciding the features to add into the model, we consider both outcomes of the 

literature study and problem context of the company. Also, we try to build an easy to use and interpret 
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model for practical use of the company by not making it unnecessarily complex when the benefit of 

making it complex is insignificant. We build a model that both accurately reflects the practical case, 

and is easy to use in practice, and contribute to the literature by a unique mixture of features. 

The model used in this study is adapted from the model used in the article by Ferrio and 

Wassick (2008) since the problem context and objective is very similar to our study. They have used a 

MILP model to optimize a chemical supply chain network, where the main features of the model are 

using an arbitrary number of DC echelons, having value maximization objective function, being a multi-

product model and considering the actual locations of customers (not aggregation demand into 

zones). We use this model as the basis, we simplify or remove some of its features and we add 

additional features from the literature in order to model the focused supply chain network more 

accurately. The reasons for inclusions, exclusions and additions are discussed in this section.  

The arbitrary number of DC echelons feature of the model enables both direct product 

shipment from manufacturing plant to customer and flow through one or more DCs. This is an 

important aspect to consider for our model since, currently, a significant part of the customer 

shipments is done directly from the production plant. Also, we want to investigate more consolidation 

opportunities by adding second DC echelon. This feature satisfies both requirements.  

Including actual customer locations is also critical. In this way, it can be possible to include 

customer shipment costs more accurately since logistic limitations of customers affect the 

determination of the mode of transport and this affects the freight rate (Ferrio & Wassick, 2008). 

Another advantage is being able to get customer-specific results from the model such as the allocation 

of customers to DC and whether or not satisfying the demand of a customer.  

The objective of value maximization is preferred instead of distribution cost minimization. The 

reason for this choice is to give the model the ability to choose which customer to serve. In this way, 

the model is able to choose not to satisfy the demand of a customer if it is not profitable. This objective 

function also can find which customers should be served when supply capacity changes, which is one 

of the company’s expected insights.  

In our model, we do not use a multi-product design used by Ferrio and Wassick (2008). Our 

focus is the Formic acid product group which includes different grades of FA. The vast majority of the 

sales are from two of the grades (85% and 99%). These products can be produced in only one location 

(Oulu) and they can be shipped by parcel together (in separate tanks, but the freight rate calculated 

by the total quantity). Also, customers mostly request only one grade. Due to these dynamics, the 

separation of products is not necessary. Product information can be required for the storage facilities 

since these materials need to be stored in different storage tanks and the quantity of each product 

affects the number of tanks needed. However, we calculate the average inefficiency due to this effect 

and include it in the capacity calculations. Due to these reasons, we do not design a multi-product 

model, but we use single product design.  

 In order to better analyze the focused network, we should include capacity level decisions in 

storage locations and the incremental discount pricing structure of parcel (replenishment) shipments. 

Amiri (2006) used capacity levels in the network modeling and stated that capacity level decisions 

make the model more realistic since in practice there are several capacity level options available in 

the storage facilities. It is indeed the case in our problem setting. For instance, in the currently used 

storage facility, materials are stored in several 100 m3 tanks and it is possible to decrease or increase 

the total capacity by 100 m3 increments. An incremental discounting pricing structure is another 

important feature to include in the model in order to show economies of scale effect. This structure 
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was used while calculating the transport cost between production sites and storage locations by 

Baumgartner et al. (2012). In their pricing structure, there are lump-sum prices for specific quantities 

and rates for quantities between them are calculated by linear interpolation (Figure 21). The structure 

in our problem is similar to this structure but it does not use interpolation. As explained in Section 

3.2.2, the pricing structure is stepwise in our setting.  

 

 

Figure 21 Cost Structure used by Baumgartner et al. (2012) 

 There are uncertainties in the network as discussed in Section 2.3. The uncertainty related to 

the parcel shipment schedule is included while calculating maximum replenishment lot size in Section 

3.3.1 and uncertainty related to demand is discussed in the sensitivity analysis (Section 3.4) with 

different demand scenarios.  

3.3.1. Mathematical Model 
 

 In this section, the mathematical model used for the focused distribution network is 

explained. We have formulated a MILP model and sets, parameters, decision variables, objective 

function and constraints are given below. The model used in this study was adapted from the model 

used in the article by Ferrio and Wassick (2008). 

 

 

Sets: 

K: Supply points (Plants or DCs) 

R: Customers 

R*: Selected customer whose demand must be fulfilled  

A(Cust) (K, R): Available links between facility k and customer r 

SL(Cust) (K, R): Links between facility k and customer r that satisfy short lead time and feed 

requirements 

A(Supply) (K, K’): Available links between facility k and facility k’ 

A(Dil) (K, R): Links between storage point k and customer r for which dilution is required before 

shipment 
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F (Out) (K): Supply points k which are not plant (Outplants) 

Location(X): All supply points k with different capacity levels in storage location X 

X: Storage location which includes multiple supply points k with different capacity levels 

Parameters: 

D(r): Demand of the customer r in number of shipments 

D_Max: Sum of all demands, used as a big M in mts 

CH(k): Unit handling cost per mts at facility k where k ∈ K(Out) 

CRep (k, k’): Replenishment unit cost from facility k to facility k’ per mts 

CCS(k, r): Customer shipment cost from facility k to customer r, per shipment 

CDC(k): Fixed cost of opening a DC k where k ∈ K(Out) 

AvL(r): Average shipment lot size to customer r in mts 

AvR(k): Average replenishment lot size to storage location k in mts 

Value(r): Calculated value for customer r per mts 

CP: Cost of port operations for shipments from Oulu per mts 

CD: Dilution unit cost per mts 

Decision Variables: 

S1(k, r): flow from facility k to customer r in mts 

S2(k, k’): flow from facility k to another facility k’ in mts 

U1(k): if facility k is used (1) or not (0) 

U2(k, r): if customer r is assigned to supply point k (1), or not (0) 

U3(k, k’): number of yearly replenishment shipments between facility k and k’  

 

 

 

 

 

 

 

 

 

 



47 
 

Objective: Max 

   

Value: ∑ 𝑆1(𝑘, 𝑟)

(𝑘,𝑟)∈A(𝐶𝑢𝑠𝑡) (K,R)

∗ 𝑉𝑎𝑙𝑢𝑒(𝑟) 

− Replenishment Cost: ∑ 𝑈3(𝑘, 𝑘𝑙)

(𝑘,𝑘𝑙)∈A
(𝑆𝑢𝑝𝑝𝑙𝑦)

 (K,K′)

∗ (𝐶𝑅𝑒𝑝
(𝑘, 𝑘𝑙) ∗ 𝐴𝑣𝑅(𝑘′))  

− Customer Shipment Cost: ∑ (
𝑆1(𝑘, 𝑟)

𝐴𝑣𝐿(𝑟)
)

(𝑘,𝑟)∈A(𝐶𝑢𝑠𝑡) (K,R)

∗ 𝐶𝐶𝑆(𝑘, 𝑟) 

− 𝑆𝑡𝑜𝑟𝑎𝑔𝑒 𝐹𝑎𝑐𝑖𝑙𝑖𝑡𝑦 𝑂𝑝𝑒𝑛𝑖𝑛𝑔 𝐶𝑜𝑠𝑡: ∑ 𝑈1(𝑘)

(𝑘)∈𝐹(𝑂𝑢𝑡)(𝐾)

∗ 𝐶𝐷𝐶(𝑘)  

−  Storage Facility handling cost:  ∑ ∑ 𝑆1(𝑘, 𝑟) ∗ CH(k)

𝑟∈𝑅𝑘∈𝐹(𝑂𝑢𝑡)(𝐾)

+ ∑ ∑ 𝑆2(𝑘, 𝑘𝑙) ∗ CH(k)

𝑘"∈𝐹(𝑂𝑢𝑡)(𝐾")
 

𝑘∈𝐹(𝑂𝑢𝑡)(𝐾)

  

−𝑃𝑜𝑟𝑡 𝐶𝑜𝑠𝑡: ∑ 𝑆2(0, 𝑘) ∗ CP

𝑘∈𝐹(𝑂𝑢𝑡)(𝐾)
 

 

−𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝐶𝑜𝑠𝑡: ∑ 𝑆1(𝑘, 𝑟) ∗ CD

(𝑘,𝑟)∈A(𝐷𝑖𝑙) (K,R)

   

 

 

Constraints: 

∑ 𝑆1(𝑘, 𝑟) = 𝐷(𝑟) ∗ 𝐴𝑣𝐿(𝑟)     𝑓𝑜𝑟     ∀𝑟 ∈ 𝑅∗

𝑘∈A(𝐶𝑢𝑠𝑡) (K,r)

 (1)
 

 

∑ 𝑆1(𝑘, 𝑟) ≤ 𝐷(𝑟) ∗ 𝐴𝑣𝐿(𝑟)     𝑓𝑜𝑟     ∀𝑟 ∈ (𝑅 − 𝑅∗)

𝑘∈A(𝐶𝑢𝑠𝑡) (K,r)

(2)
 

 

∑ 𝑆2(𝑘𝑙, 𝑘)

𝑘𝑙∈A
(𝑆𝑢𝑝𝑝𝑙𝑦)

 (k,K′)

𝑘≠𝑘𝑙

= ∑ 𝑆1(𝑘, 𝑟)

𝑟∈A(𝐶𝑢𝑠𝑡) (k,R)

+ ∑ 𝑆2(𝑘, 𝑘𝑙)

𝑘𝑙∈A
(𝑆𝑢𝑝𝑝𝑙𝑦)

 (k,K′)

𝑘≠𝑘𝑙

   𝑓𝑜𝑟   ∀𝑘 ∈ 𝐹(𝑂𝑢𝑡)(𝐾) (3)
 

 

∑ 𝑆2(𝑘, 𝑘𝑙)

𝑘𝑙∈A
(𝑆𝑢𝑝𝑝𝑙𝑦)

 (k,K′)

𝑘≠𝑘𝑙

 +  ∑ 𝑆1(𝑘, 𝑟)

𝑟∈A(𝐶𝑢𝑠𝑡) (k,R)
 

 ≤  𝑈1(𝑘) ∗ 𝐷(Max) 𝑓𝑜𝑟 ∀𝑘 ∈ 𝐾 (4)
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∑ 𝑆2(𝑘, 𝑘𝑙)

𝑘𝑙∈A
(𝑆𝑢𝑝𝑝𝑙𝑦)

 (k,K′)

𝑘≠𝑘𝑙

 +  ∑ 𝑆1(𝑘, 𝑟)

𝑟∈A(𝐶𝑢𝑠𝑡) (k,R)
 

 ≥  𝑈1(𝑘) 𝑓𝑜𝑟 ∀𝑘 ∈ 𝐾 (5)
 

𝑆1(𝑘, 𝑟)  ≤  𝑈2(𝑘, 𝑟) ∗ 𝐷(Max) 𝑓𝑜𝑟 ∀𝑘, 𝑟 ∈ A(𝐶𝑢𝑠𝑡) (K, R) (6) 

𝑆1(𝑘, 𝑟)  ≥  𝑈2(𝑘, 𝑟) 𝑓𝑜𝑟 ∀𝑘, 𝑟 ∈ A(𝐶𝑢𝑠𝑡) (K, R)  (7) 

∑ 𝑈1(𝑘) ≤ 1
𝑘∈𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 (𝑋)

 

 𝑓𝑜𝑟 ∀𝑥 ∈ 𝑋 (8)
 

∑ 𝑈2(𝑘, 𝑟)

𝑘∈A(𝐶𝑢𝑠𝑡) (K,r)

≤  1  𝑓𝑜𝑟 ∀𝑟 ∈ 𝑅 (9)
 

∑ 𝑈2(𝑘, 𝑟)

𝑘∈(A(𝐶𝑢𝑠𝑡) (K,r)−SL(𝐶𝑢𝑠𝑡) (K,r))
 

=  0  𝑓𝑜𝑟 ∀𝑟 ∈ 𝑅 (10)
 

𝑆2(𝑘, 𝑘′)/𝐴𝑣𝑅(𝑘′) ≤  𝑈3(𝑘, 𝑘′)  𝑓𝑜𝑟 ∀(𝑘, 𝑘′) ∈ A(𝑆𝑢𝑝𝑝𝑙𝑦) (K, K′) (11) 

 

In the mathematical model, (1) and (2) are demand satisfaction constraints. (1) ensures that 

for the selected customers, all their demand is met. (2) states that for regular customers, they cannot 

receive more than their demand amount. (3) is the DC balance constraint. It equates the inflow to a 

DC and outflow from a DC. Inflows can be from the other supply points and outflow can be either to 

the other supply points or to customers. (4) and (5) are facility opening constraints. They assign U1(k) 

variable 1 if there is any flow from facility k. In this constraint, maximum demand (D(Max)) is used as 

M value. (8) ensures that at most one of the capacity level options is opened at each storage location. 

(6) and (7) are customer allocation to supply point constraints. It assigns 1 to U2 (k, r) if customer r is 

supplied from facility k where (9) ensures each customer is allocated to one supply point. (10) prevents 

the supply of the customer with specific requirements (lead time and feed requirements) from the 

facilities that cannot satisfy that condition. (11) finds the number of shipments required to fulfill the 

yearly replenishment quantity to facility k’, where U3(k, k’) is an integer number. 

 In the objective function, the total value created is calculated by multiplying the shipment 

quantity to each customer with the unit value of the customer. Replenishment costs are calculated by 

considering the number of shipments and the cost of one shipment. The customer shipment unit cost 

is per shipment. Flow quantity to customers is converted into the number of shipments and multiplied 

by the unit cost. Storage facility opening cost is added for each used storage facility.  Handling cost is 

added for every customer or replenishment shipment out of storage facility except the production 

plant (Oulu). For shipments out of production plant at Oulu, the cost for Oulu plant to Oulu port 

delivery, port fees for Oulu and destination port and surveying costs are added under the name of 

port costs. Also, dilution cost is calculated for the products that need this operation before the 

customer shipment. 

In the model, capacity levels are included by defining multiple storage options at the same 

location. After deciding the capacity, the most efficient replenishment (parcel) shipment lot size is the 

maximum quantity storage tanks can receive. In this way, we can calculate the replenishment lot size 

for each storage option. Moreover, since the unit cost of replenishment shipment changes with the 

lot size, we can calculate unit replenishment cost for every storage option when the lot size is known.  
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We convert the storage tank capacity to replenishment lot size and example calculation for 

the NL storage location is shown in Table 9. Tank capacities are in cubic meters and we convert them 

to mts by multiplying with the density of the material stored. There are three sources that reduce the 

available capacity. The first source is the safety margin requirement of tank storage operators. The 

top 10% of the tank must be kept empty due to safety reasons.  The second source is inefficiency due 

to storing two different products. We model the network for a single product, but we keep both FA85 

and FA99 at this location. We check the inefficiency due to two products. We calculate tanks needed 

for the inventory values at the NL storage just after replenishment order arrival and we find that in 

46% of the instances we need an additional tank to store two different products compared to the case 

with a single product. So, we assume that we need to have a 0.5 extra tank for two product case. In 

other words, we are not able to use 0.5 tank capacity and it is 60 mts in our setting. We have also 

considered the effect of uncertainty in the time to arrange a ship from Oulu and the sailing time of the 

ship. In the ideal case, in order to maximize the lot size, the replenishment order must arrive when 

the inventory at the NL storage is just run out. However, due to uncertainty in ship availability and 

sailing times, shipments are planned earlier than the optimal time in order not to have stock out in 

case of any delay. Earlier shipment means the arrival of the ship to the Netherlands when there is still 

material in the tanks. We assume shipments are done 10 days earlier than the optimal time in case 

any delay, so we expect to have 10 days of inventory when the replenishment order is received 

without a delay. So, we need to reduce the lot size with this amount.  For the current case at the NL 

storage where capacity is 600 m3, we have calculated average demand for a 10-day duration as 120 

mts. We assume that this value changes proportional to tank capacity since as demand satisfied from 

that location increases tank capacity also tends to increase. Then, we subtract these three values from 

the maximum available capacity, and we find the average net capacity available. It is possible to 

receive orders up to average net available capacity, so it can be the lot size of replenishment shipment. 

As we discuss in Section 3.2.2, for certain values of the lot size local peaks in unit cost are observed 

due to the stepwise pricing structure of parcel shipments. In order to avoid local peaks in parcel unit 

cost, we adjust the lot size values and calculate the cost of replenishment shipments according to 

adjusted lot sizes.  We also observe that the lot size value obtained for 600 m3 capacity (470 mts) is 

close to the average lot size of 2018 shipments (440 mts). This calculation is done for all storage 

locations. 

 

Table 9 Replenishment lot size calculation for tank capacity options 

Tank 
Capacity 

(m3) 

Tank 
Capacity 

(mts) 

Safety 
margin 
(10%) 

Inefficiency 
Uncertainty 

Effect 
Lot Size 

Adj. Lot 
Size 

200 240 24 60 40 116 120 

300 360 36 60 60 204 200 

400 480 48 60 80 292 290 

500 600 60 60 100 380 380 

600 720 72 60 120 468 470 

700 840 84 60 140 556 570 

800 960 96 60 160 644 650 

900 1080 108 60 180 732 700 

1000 1200 120 60 200 820 800 
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As explained in Section 3.2.4, we include the demand for all four FA grades.  

In the model, we also define the supply point restrictions for different products as follows:  

- All product grades can be shipped from Oulu. 

- FA85 and FA99 can be shipped from NL storage and FA75 can be shipped with extra dilution 

cost. 

- FA85 and FA99 can be shipped from Lubeck and FA75 can be shipped with extra dilution cost. 

- FA85 can be shipped from Barcelona, Genoa, Manheim and Basel and FA75 can be shipped 

with extra dilution cost. 

- Certain customers can only be shipped from storages outside Oulu due to lead time 

requirements or feed certificate requirements. 

- Replenishment demand of US storage and FA derivative production facility must be satisfied. 

- Some products are customized according to customer requirements and these must be 

shipped from Oulu. 

 

In the current setting, certain customers require short lead times since they do not store high 

quantities at their production facilities and these customers are supplied from NL storage. Also, as 

discussed in Section 2.3, customers that use FA for feed products need deliveries that satisfy certain 

criteria. It is practically easier and cost-efficient to find suitable delivery options for these customers 

from the NL storage. For that reason, customers with short lead time and feed requirements are 

supplied from the NL storage in the current network. In the model, to give model more flexibility, we 

relaxed this requirement and assume that customers with lead time and feed requirements can be 

supplied from all storage location options except Oulu. Its reason is that the other storage location 

options can also deliver with reasonable lead times and delivery options suitable to feed requirements 

can be arranged from these locations as well.  

  

 

3.3.2. Results from the mathematical model 
 

The model was coded in Python using the Gurobi extension to solve the MILP model. The 

model was solved in 3.02 seconds with a 2.80 GHz Processor. (Appendix B) 

Initially, we run the model with fixing the decision variables to current values (AsIs). In this 

way, we are able to compare the total distribution cost value with the one we calculate in the network 

cost analysis section (2.2.1) to validate the model. Also, we can use the results of this scenario to 

compare it with the results of the base case and alternative scenarios that are discussed in the 

sensitivity analysis. 

We got a distribution cost of 4.260 RMU from the model with the current case. This is very 

close to the number calculated by using freight rates and actual quantities for the same time period 

(4.388 RMU), which is only a 3% difference. The difference is from parcel costs where we assumed all 

deliveries are in average lot size, but the actual cost is calculated from actual lot sizes and the 

corresponding cost. This shows that the model represents the actual case accurately.  

 The result of the Base case is shown in Figure 22. In the optimal result, the model proposes to 

store the product at the NL storage like in the actual case. It proposes a capacity level increase at the 
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NL storage from 600 m3 to 900 m3 (50 % increase) and three customer locations are not supplied. No 

delivery output is the result of the value maximization structure of the problem. If delivering to a 

certain customer does not increase the overall value, the model suggests not to deliver. 97 % of the 

demand is satisfied in this case.  

 

 

Figure 22 Base Case Result on Map 

 

The current case and base case result of the model are compared in Figure 23. There is a 7% 

increase in the overall value created in the distribution network and an 8 % distribution cost decrease. 

The total delivered quantity decreased slightly due to no delivery decisions in the base model. The 

quantity delivered through the NL storage increase significantly with 27%, which justifies the decision 

to increase storage capacity. This can also be observed from the map where green highlighted areas 

increased. This increase mainly comes from customers in Spain and the UK. The change in allocated 

storage for certain customers in Spain, Italy and the UK can decrease their lead times and also increase 

on time delivery performance since they are supplied from a closer location.  
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Figure 23 Comparison of Current and Base Cases 

We also solve the problem with the distribution cost minimization objective. The resulting 

distribution cost is slightly higher than the Base case (3%) since in cost minimization problem model 

cannot eliminate unprofitable customers. 

 

3.4. Sensitivity Analysis 
 

In the sensitivity analysis, we change several input parameters to observe the changes in the 

resulting network. Results are obtained in a reasonable time (~3 seconds) for all of the cases in 

the sensitivity analysis.  

First, we investigate the influence of capacity level decisions on overall results. We fix the 

capacity level at the NL storage to options from 200 m3 to 1000 m3 and plot the resulting changes 

in the distribution cost in Figure 24. For the levels of 200 m3 and 300 m3, the model proposes to 

open additional storage at Lubeck in order to satisfy the demand of customers with lead time and 

feed product compliance requirements. At the capacity level of 400 m3, Lubeck is not opened, and 

it leads to a significant decrease in cost. For the rest of the capacity level cases, the model only 

proposes the NL as the storage point.  

At the capacity level of the actual network (600 m3), the model results in a solution with a 

4.2% lower cost. This is achieved by changing the customer allocation of the NL storage. As shown 

in Figure 25 (Case T6), the model allocated customers from Spain to the NL storage and customers 

from South-Eastern Germany to Oulu.  With a further increase in the NL capacity to 700 m3, an 

additional 2.2% cost reduction is achieved (6.3% compared to the current case). Also, the quantity 

and number of customers supplied from the NL storage are increased (Figure 25(Case T7)). 

Increasing storage capacity to 800 m3 and 900 m3 (Base case) results in relatively small cost 

reductions (0.6% and 0.8% respectively). 
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Figure 24 Distribution Cost for NL Capacity Levels 

 

 

 

Figure 25 Customer Allocations for NL Capacity Levels 

 

The customer allocation to external (non-Oulu) storage locations constraints are relaxed. 

These constraints are grouped according to their reasons as lead time and feed constraints. First, lead 

time constraints are relaxed, and this cause insignificant changes in value and distribution cost. 

However, when both lead time and feed constraints are relaxed, the model proposes not to use the 
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NL storage, but it proposes to supply every customer from Oulu (except no delivery customers). The 

distribution cost of this case is 3.5% lower than the Base case. 

We also observe that when the model proposes to open an external storage (NL in this case), 

this storage does not only supply the customers that must be supplied from external storage. For 

instance, in the base case 4.615 mts of demand must be supplied from external storages but the 

opened NL storage delivers 7.052 mts and in the case with only feed constraint, 2.436 mts must be 

supplied from external storage but the opened NL storage delivers 5.604 mts. It shows that if the 

model proposes to open an external storage, the storage delivers as much as possible in order to 

increase volume and get a lower unit replenishment shipment cost. 

 

 

Figure 26 Relaxing LT and Feed Constraints 

In order to evaluate the network with a decrease in production capacity, we check the case 

where supply is limited and use scenarios of having production capacity that can only supply 90% and 

80% of the total customer demand. As shown in Figure 27, the model proposes not to ship certain 

customers when the production capacity decreases. Customers mainly in Germany and Italy in the 

scenario of 90% demand satisfaction are excluded. When the demand satisfaction rate is decreased 

to 80%, more customers are excluded from Italy and Spain. The model considers both distribution cost 

and value while proposing to exclude customers and the reason for excluding customers mainly in 

Italy and Spain can be the relatively high distribution cost to these areas since they are far away from 

the production and the storage facilities. The total quantity shipped decreases in parallel with a 

decrease in supply, and distribution cost decreases in a higher percentage since the model initially 

eliminates customer locations with higher distribution costs. The same logic is also valid with a 

decrease in overall value. Value only decreased by 10% when 80% of the customers are supplied. We 

observe that if there are customers which cannot be supplied from Oulu (due to service constraints), 

the decision to store in NL does not change with decreasing supply capacity. 
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Figure 27 Production Capacity Decrease Case 

 

We analyze the effect of change in demand. We increase and decrease each customer’s 

demand by 10%, 20% and 30%. In every scenario, the model proposes to open the NL storage with 

900 m3 capacity as in the Base case. The percentage of total demand supplied from the NL storage 

almost does not change with changing demand (Figure 28). Unit distribution cost slightly decreased 

by increasing demand (2% decrease when demand increases by 30% and 3% increase when demand 

decrease by 30%)(Figure 28). We expect that the decrease in unit cost is due to increased inventory 

turnover at the NL storage. 

 

 

Figure 28 Unit Distribution Cost & % Supply from NL Storage for changing demand 

 

Since we include the storage alternative at Lubeck as an alternative to the storage location in 

the Netherlands (since they cover the same regions and Lubeck has shorter distance from Oulu), we 

check the total distribution cost when Lubeck must be used and Netherlands storage cannot be used. 
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From the comparison of the results in Figure 29, we can observe that distribution cost increases and 

value decreases significantly (10% and 14 % respectively) when we compare the Lubeck storage case 

with the base case. The total quantity supplied through external storages (NL or Lubeck) also 

decreases, but new customers in Germany and Italy are supplied from external storage when there is 

a storage at Lubeck. So, this decreases the lead times of these customers.  

 

 

Figure 29 Storage at Lubeck instead of NL 

 

3.5. Discussion on Results and Recommendations  
 

In this section, results are discussed, and practical implementation recommendation is given 

based on model and sensitivity analysis results. Recommendations were developed in parallel with 

the company’s primary objective which is cost reduction. First, we observe the effect of customer 

allocation constraints on the location decision to store the products. Due to the short lead time and 

special feed product requirements, we state that certain customers can only be supplied from storage 

locations outside Oulu. With this restriction, we get an optimal scenario where storage facility in the 

Netherlands is opened and these customers are supplied from it (Base case). When we remove these 

allocation constraints, we observe a change in optimal network design to network with no external 

storage location. So, these constraints have a significant effect on the result, and they should be 

assessed in more detail. The company should consider consequences that are not included in the 

model. If the company decides to supply customers with short lead time requirements from Oulu, they 

may need to make arrangements such as storing an isotainer somewhere close to customer location. 

Also, if they decide to supply feed customers from Oulu where it is very difficult to find isotainers that 

comply with feed requirements, they may need to rent special isotainer that will only be used for feed 

customers. All these additional arrangements can create extra costs. But, simplifying the network 

makes the management of it easier and it results in a 3% cost advantage compared to the base case. 

The company should assess such benefits and drawbacks and decide on whether or not storing at the 

NL storage.  
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With the current information, it is more likely to keep the NL storage open, so we assume that 

it is the case. Then, the easiest change that can be made is changing the customer allocation of NL 

storage. Model results suggest that this rearrangement can result in a 4,2 % cost reduction. When we 

look at the capacity increase options, we observe that the highest cost reduction potential is achieved 

with the first 100 m3 increase (2,2 %) (Figure 24) and cost reduction from additional two 100 m3 

increases are relatively low (0,6% and 0,8%). Since the highest cost reduction comes from the first 100 

m3 capacity increase, it can be a wise strategy to first make that increase and assess the results. After 

that, further increase can be considered according to the results of the first increase. 

In general, after the verification of the results, decisions should be given starting from the 

major ones followed by the minor ones. In a SCND problem, a major decision is the storage location. 

After deciding on the locations, the capacity level can be determined. If the selected storage location 

is the currently used one, first, the option of no capacity change can be considered. This option can 

lead to savings due to customer allocation changes and these savings can be obtained without major 

intervention to the network (capacity change). After that, if the incremental capacity change is 

possible, capacity change can be evaluated with incremental changes towards the direction of the 

optimal capacity level. This flow is shown in Figure 30.  

 

Figure 30 General Decision Flow 

 

The steps of the decision flow for our case are shown in Figure 31. Based on the results of the 

model, we suggest the company to expand the storage by 100 m3 if it is practically possible and 

consider further increase afterwards. These recommendations were also discussed with the company 

and they are willing to follow the recommended implementation decision flow. 

Validate the result of 
the model

Decide on the 
storage location(s)

Decide on the 
capacity levels for 
selected storage 

location(s)
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Figure 31 Decision Flow 

 Also, we observe that when there are customers that cannot be supplied from Oulu (lead time 

and feed constraints), opening a storage in the NL is the best scenario for the cases with production 

capacity decreases and demand changes. In that sense, we can say that having a storage facility in the 

NL is a robust solution for this network.  

 We can consider capacity expansion as a short-term investment since these agreements are 

done on a yearly basis with the company operating the tank farm. So, when Eastman decides to rent 

a storage tank, it has to pay rent for a minimum of 1 year. We can assume the company pays rent for 

1 year at the beginning of the year and we can calculate after how many months it reaches the break-

even point (payback period). Payback period calculation does not include the time value of money but 

its effect on accuracy is minimal since our time horizon is only one year. While calculating the 

distribution cost savings, we do not compare the cost of the current network and the cost of the case 

with capacity expansion since part of the saving is achieved from customer allocation arrangements. 

So, we compare the costs of cases with NL storage capacities of 600 m3 and 700 m3 (Case T6 and Case 

T7 in Figure 25). In this way, we obtain the savings achieved only by the increase in capacity. We have 

calculated the difference between distribution costs (except NL storage cost) of these two cases. We 

find this difference as 118 RMU yearly. This means 9.8 RMU cost savings per month due to an increase 

in storage capacity. We calculate how many months it takes to reach break-even point with an initial 

investment of 1-year rent of one tank storage and monthly distribution cost savings. The payback 

period is calculated as 4 months. Since the saving amount depends on the flow passes through the NL 

storage and flow changes with the demand and supply changes, we also present the sensitivity of the 

payback period to these changes. In order to calculate this, we use the scenarios used in Section 3.4. 

The payback period decreases when demand and supply increase (Figure 32) as expected. Figures 

show that even in the worst-case scenarios of demand and supply, break-even is reached after 6 

months. In other words, the company can achieve a saving which equals to the value of the yearly rent 

of a tank.  

Check the cost of relaxing 
(removing) lead time and 

feed requirement 
constraints 

If the cost is higher than 
the gains from storing only 

at Oulu, keep the NL 
storage open. Otherwise 

close NL storage.

Keep the current capacity 
at NL storage and change 

customer allocations

(4,2% cost reduction)

Consider expending the NL 
storage with 100 m3

(6,3% cost reduction 
combined )

Consider additional 200 m3

NL storage capacity 
expension

(8% cost reduction 
combined)
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Figure 32 Payback Period Sensitivity 

 

3.6. Operational Consequences of New Design  
 

As discussed in section 3.5, we recommend a capacity expansion to the current storage facility 

in the Netherlands. In this section, we discuss the effects of this expansion on operations and how to 

implement it.  

The proposed network is different than the current network in terms of capacity at the NL 

storage and customers allocated to the NL and Oulu storages. We discuss the effects of these two 

changes on operations. 

First, the storage capacity is increased at the NL storage by one tank (in the recommended 

solution). As a result of the increase in storage capacity average parcel shipment lot size also increases. 

According to our assumptions on the relation between storage capacity and lot size (Section 3.3.1), 

we expect 570 mts lot size with 700 m3 tank capacity. 570 mts lot size is 30% higher than the current 

average lot size (where tank capacity is 600 m3), so it can affect the processes. We discuss the possible 

operational constraints in section 2.3. The storage tanks at the Oulu port have enough capacity to fill 

the parcel tanker with the increased lot size. Also, parcel tankers operating on the Oulu-NL line have 

enough capacity to carry 570 mts. We discuss that the depth of the NL storage location’s port can be 

a constraining factor, but it is suitable for tankers carrying 570 mts. The frequency of parcel shipments 

is almost the same as the current case, so it won’t have an effect on operations. However, more 

material needs to be carried to port tanks for each parcel shipment and production scheduling and 

transportation planning should be revised according to that. For instance, with the current plant to 

port transportation capacity, it can take longer to carry enough material for parcel tanker with 

increased lot size. This can be a constraining factor for the time between two consecutive parcel 

shipments or plant to port transportation capacity can be reevaluated.  

Due to customer allocation changes in the new setting, certain adjustments should be done 

at the operational level. If the company decides to implement the model result, they should make 

agreements with transportation companies for the new links between the NL storage and recently 

allocated customers to the NL storage. Also, on the other side, since shipment volume from Oulu is 

decreased, the company should renegotiate the agreements for the lines from Oulu according to 

decreased shipment quantity. These changes can cause a slight deviation from the calculated 

distribution network cost since unit costs for customers may change due to changed volumes. So, unit 

cost can slightly increase for Oulu deliveries since the total volume from Oulu will decrease.  

We assume that customer shipments whose supply point is changed from Oulu to the NL 

storage are done in the same lot sizes. But in the current case, the average customer shipment lot size 
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from the NL storage is 15% smaller than the shipments from Oulu. If this also affects the recently 

allocated customers to the NL storage, we should expect a cost increase due to reduced customer 

shipment lot size. 

A critical distribution resource is the isotainer availability in Oulu. The company makes an 

agreement on the expected number of isotainers needed to ship orders from Oulu at the beginning of 

the year. If the shipment volume increases within the year, the company needs to pay higher fees for 

the volume above expectation. This can be important if shipments through NL storage have a 

disruption. In that case, the company needs to fulfill customer demand directly from Oulu with higher 

rates. The proposed network increases this risk since the % volume supplied from NL storage increased 

and it would also increase the number of shipments that need to be shipped from Oulu in the case of 

any problem in supply from NL storage. The company should consider this risk while deciding on the 

expected number of shipments from Oulu at the beginning of the year.  

Another operational decision to make is the division of tanks at the NL storage between two 

materials stored in that location. In the current case, 600 m3 capacity is divided into 6 100 m3 tanks 

where 1 tank is reserved for FA99 and 5 tanks store FA85 in the ideal case. We also calculate the 

number of tanks needed for FA85 and FA99 by considering the equal run-out time of the full tank. So, 

we assigned the tanks to products with the objective to minimize the difference between run-out time 

values for FA85 and FA99. Run-out time value is calculated as (number of tanks assigned*max capacity 

of a tank in mts)/(annual flow/365). We show the results for the current case, base case (NL cap=900) 

and when NL storage capacity is fixed to 600 and 700 m3. In all the cases, we find that FA99 stored in 

1 tank with our calculation objective, but this can be adjusted if the demand of FA99 increases for a 

certain period of time. 

                   

Table 10 Storage Capacity Division for NL 

Cases 
Annual flow 
FA85 (mts) 

Annual flow 
FA99 (mts) 

# tanks 
# tanks 

FA85 
# tanks 
FA99 

Run-out 
time (days) 

FA85 

Run-out 
time (days) 

FA99 

Current case 4.880 662 6 5 1 45 66 

NL cap=600 m3 4.994 682 6 5 1 44 64 

NL cap=700 m3 5.440 868 7 6 1 48 50 

NL cap=900 m3 6.180 868 9 8 1 57 50 

 

 

3.7. Implementation of New Design 
 

 In this section, possible implementation steps for recommended change are discussed and 

timetable is given according to the expected duration of steps. 

 In order to implement the results of this study into practice, the company can verify the result 

using actual freight rates. We don’t think that it will significantly affect the result since for the 

deliveries from Oulu and the NL storage, the share of estimated freight rates is low. We estimated 

that this can take 1 month where they need to ask transport companies for freight rates and redo the 

calculations. If the decision to increase FA storage is verified, the company can also evaluate the option 

of storing FA in one of the tanks they have been using for other products at the NL storage. If the 



61 
 

supply chain team decides to proceed with the expansion plan and rent a new tank, this change plan 

can be discussed at the management level to evaluate it in terms of the company’s strategic 

objectives. We predict management evaluation and reaching the final decision can take 3 weeks. If it 

is decided to proceed with the expansion plan, responsible teams in the company can start working 

on it and check the possibility of expansion with the tank farm management. If it is not practically 

possible to increase the storage capacity of FA at the current storage location, the supply chain team 

can analyze other possible options like moving storage location to another location with higher 

capacity availability. If the expansion is possible, terms need to be negotiated which can take up to 3 

months. If the expansion is possible and the company reaches an agreement with the tank farm 

company, they can start working on the required adjustments that need to be done on site. If there is 

an available tank, the process is relatively easy where they need to change connections between tanks 

to make new tank operational. However, if there is not any available tank but they need to build a 

new one and it takes a longer time. For this site adjustment, we consider a duration of 6 months, but 

it can change according to adjustments needed. After the expansion decision is given, in parallel with 

tank site preparation operations, the related team can start working on new agreements with logistic 

companies according to changed customer allocation to storage locations. Since deliveries from the 

NL storage increased, new agreements should be done for the deliveries to recently assigned 

customers. Similarly, since the volume delivered from Oulu decreased, current agreements should be 

revised according to decreased volumes. Finalizing the agreements with logistics companies can take 

up to 3 months. After the site arrangements at the NL storage are finalized and required agreements 

are signed with logistic companies, the new network can be operational. The time planning of the 

implementation of the recommended expansion plan is given in Figure 33.  

 

 

Figure 33 Capacity Expansion Implementation Gantt Chart 
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4. Conclusion  
 

 This thesis project study was conducted at Eastman Chemical Company with an objective to 

answer the research question of “What is the cost-optimal distribution network design for the formic 

acid product line of Eastman such that it satisfies service levels and supports future developments?”. 

First, we have evaluated the current distribution network and its performance. The current 

distribution network of the formic acid consists of a production plant and a main storage facility. 

Customer orders are shipped from both plant and storage facility. We have analyzed the current 

performance of the network in terms of both financial and non-financial performance measures. Then, 

we have investigated alternative network scenarios and found related parameters for the alternatives. 

We have developed a MILP model to solve this supply chain network design problem. In the optimal 

case, we have achieved an 8 % cost reduction by increasing the capacity level of the current storage 

facility in the Netherlands. Based on the result and sensitivity analysis we have made 

recommendations on how to change the current setting, discussed the operational consequences and 

gave a possible plan of actions for the implementation. Below, we discussed the limitations, general 

recommendations and possible future research. 

 

Limitations: 

- In Section 2.2.1, we couldn’t obtain the total actual cost of the focused network due to the 

reporting structure of the company. While we were able to calculate the major costs of the 

network, we couldn’t include the extra costs. It could be beneficial to also investigate these 

extra costs and evaluate cost reduction potentials.  

- In Section 3.2.2, we have estimated the customer shipment freight rates for the selected 

storage locations that are not used in the current network. We have used distance and freight 

rate relations from the currently used storage locations to estimate the rates for new 

locations. While this approach is capable of resulting with accurate estimates, it fails to 

capture local effects.  

 

Recommendations: 

- The company can make a dashboard to monitor the actual cost of each product stream which 

may lead to identify inefficiencies more easily. 

- We have shown the cost-saving potential of increasing customer shipment lot sizes. The 

company can investigate this potential further and identify the customers that can increase 

their lot sizes. (Section 2.2.1) 

- For the parcel shipment rates, we have presented that stepwise cost structure causes higher 

unit cost for the lot size values at the beginning of the range. The company should avoid 

shipping with these lot sizes whenever possible.  

- We have recommended increasing the storage capacity by 100 m3 on its current location in 

the NL (discussed in detail in Section 3.5). This also improves the customer service levels due 

to new customer allocation since, in this scenario, customers in the countries with the lowest 

delivery on time and lead time compliance performance (Spain and UK) switch to NL storage 

as supply point which has a shorter lead time. Also, we showed that in the case of production 

capacity decrease in the future, having a storage in the NL would be still the optimal solution. 
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Future research: 

- As a next step of network analysis, the company can include the derivative product 

distribution network within the focus of the project. In this case, alternative locations for 

derivative production plant and customer freight rates from these locations would be 

additional inputs for the model. 

- We have found that increasing % fullness of truckloads has significant cost reduction potential 

for customer shipments. The company can investigate transportation cost-saving potential 

with larger lot sizes and look for the options to share this benefit with customers to encourage 

them to order full truckload. 

- Future research on network design in the chemical industry might study the possibility of 

disruptions within or beyond the network (Atan & Snyder, 2014) (Atan & Rousseau, 2016), 

transshipment opportunities among the locations in the network (Atan, Snyder, & Wilson, 

2018) (Poormoaied, Atan, de Kok, & Van Woensel, 2020) and more careful decisions on how 

to plan lead times (Jansen S. , Atan, Adan, & de Kok, 2019) (Jansen S. W., Atan, Adan, & de 

Kok, 2018).  
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Appendix A 
 

 
 

 

Appendix B 
 

Python code of the MILP model:  

import pandas, numpy 

 

import gurobipy as grb 

 

# inputs 

# customer freight rates 

tr_cost = pandas.read_excel('R_custcost.xlsx') 

tr_cost = numpy.array(tr_cost,dtype = numpy.float) 

 

#customer demand 

demand = pandas.read_excel('R_demand.xlsx') 
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demand = numpy.array(demand,dtype = numpy.float) 

 

#average lot size for customer shipments 

avgdmd = pandas.read_excel('R_avgdmd.xlsx') 

avgdmd = numpy.array(avgdmd,dtype = numpy.float) 

 

# value of each customer 

value = pandas.read_excel('R_CostValue.xlsx') 

value = numpy.array(value,dtype = numpy.float) 

 

#replanishment cost 

C_Rep = pandas.read_excel('R_replcost.xlsx') 

C_Rep = numpy.array(C_Rep,dtype = numpy.float) 

 

# fixed cost of opening a storage facility 

C_DC = pandas.read_excel('C_Fixed.xlsx') 

C_DC = numpy.array(C_DC,dtype = numpy.float) 

 

#parcel lot size 

PLS = pandas.read_excel('R_LotSize.xlsx') 

PLS = numpy.array(PLS,dtype = numpy.float) 

 

set_K=len(C_Rep) # number of supply points 

set_R=len(demand) # number of customer points 

 

#Costs 

 

CH=*** #dc handling cost 

CP=*** #PORT OPERATIONS COST FROM Oulu 

CD=*** # dilution cost 

 

# Model 

 

model=grb.Model("SCND") 

model.modelSense = grb.GRB.MAXIMIZE 

 

# Decision Variables 

 

S1_var ={(i,j):model.addVar(vtype=grb.GRB.CONTINUOUS,name="x_{0}_{1}".format(i,j)) 

for i in range(set_K) for j in range(set_R)}  

 

S2_var ={(i,j):model.addVar(vtype=grb.GRB.CONTINUOUS,name="y_{0}_{1}".format(i,j)) 

for i in range(set_K) for j in range(set_K)}  

 

U_var ={(i):model.addVar(vtype=grb.GRB.BINARY,name="z_{0}".format(i)) 

for i in range(set_K)} 

 

U2_var ={(i,j):model.addVar(vtype=grb.GRB.BINARY,name="f_{0}_{1}".format(i,j)) 
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for i in range(set_K)for j in range(set_R)} 

 

U3_var ={(i,j):model.addVar(vtype=grb.GRB.INTEGER,name="g_{0}_{1}".format(i,j)) 

for i in range(set_K)for j in range(set_K)} 

 

model.update() 

 

#Objective function 

 

objective = grb.quicksum(S1_var[i,j]*value[j]  

for i in range(set_K) for j in range(set_R))-(grb.quicksum((U3_var[i,j]) * ((C_Rep[i,j])*PLS[0,j]) 

for j in range(set_K) for i in range(set_K))+ grb.quicksum((S1_var[i,j]/avgdmd[j])*tr_cost[i,j]  

for i in range(set_K) for j in range(set_R))+ grb.quicksum(U_var[i] * C_DC[0,i]  

for i in range(set_K))+ grb.quicksum(S1_var[i,j]*CH  

for i in range(1,set_K) for j in range(set_R))+grb.quicksum(S2_var[i,j]*CH 

for i in range(1,set_K) for j in range(set_K))+grb.quicksum(S2_var[0,j]*CP 

for j in range(set_K))+ grb.quicksum((S1_var[i,j])*CD  

for i in range(1,set_K) for j in 

[0,1,3,4,7,14,22,23,30,35,37,38,40,41,44,47,49,50,52,58,63,64,66,78,79,82,87,89,90,101])) 

 

  

 

model.setObjective(objective) 

 

#must sent replenishment shipments 

for j in [95,136,137]: 

        model.addConstr(grb.quicksum(S1_var[i,j] 

                for i in range(set_K) ) == demand[j]*avgdmd[j]) 

         

#no more than demanded quantity to customer 

for j in range(set_R): 

        model.addConstr(grb.quicksum(S1_var[i,j] 

                for i in range(set_K) ) <= demand[j]*avgdmd[j]) 

#dc balance 

for i in range(set_K): 

    if i!=0: 

        model.addConstr(grb.quicksum(S2_var[j,i] 

                for j in range(set_K)if (i != j))-grb.quicksum(S2_var[i,j] 

                for j in range(set_K)if (i != j))-grb.quicksum(S1_var[i,j] 

                for j in range(set_R))+0.11*grb.quicksum(S1_var[i,j] 

                for j in 

[0,1,3,4,7,14,22,23,30,35,37,38,40,41,44,47,49,50,52,58,63,64,66,78,79,82,87,89,90,101])== 

0) 

 

 

#DC opening decision with customer shipment 

for i in range(set_K): 

        model.addConstr(grb.quicksum(S1_var[i,j] 
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                for j in range(set_R)) <= U_var[i]*9999999999999 ) 

 

for i in range(set_K): 

        model.addConstr(grb.quicksum(S1_var[i,j] 

                for j in range(set_R))  >= U_var[i] ) 

         

#customer to supply point assignment 

for i in range(set_K): 

    for j in range(set_R): 

        model.addConstr(S1_var[i,j] <= U2_var[i,j]*9999999999999 ) 

 

for i in range(set_K): 

    for j in range(set_R): 

        model.addConstr(S1_var[i,j] >= U2_var[i,j] ) 

         

# replanishment shipment number 

for i in range(set_K): 

    for j in range(set_K): 

        model.addConstr(S2_var[i,j]/PLS[0,j] <= U3_var[i,j] )         

         

 

#only 1 supply point  

         

for j in range(set_R): 

        model.addConstr(grb.quicksum(U2_var[i,j]  

            for i in range(set_K))  <= 1)         

         

# only 1 dc at same location 

         

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(1,10))  <= 1) 

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(10,19))  <= 1) 

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(19,24))  <= 1) 

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(24,29))  <= 1) 

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(29,32))  <= 1) 

model.addConstr(grb.quicksum(U_var[i]  

        for i in range(32,35))  <= 1) 

 

# Certain customers must be supplied outside of Oulu 

#feed 

for j in [6,9,10,22,27,28,30,35,65,66,67,69,96,97,98,100,143]: 

    model.addConstr(S1_var[0,j]==0) 

#lead time  

for j in [2,5,8,18,19,20,21,23,26,31,32,33,34,36,50,51,52,53,56,58,95,99,101,140]: 
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    model.addConstr(S1_var[0,j]==0)     

     

# FA94 only from Oulu 

for j in [107,111,133]: 

    model.addConstr(grb.quicksum(U2_var[i,j] 

        for i in range(1,set_K)) ==0) 

     

# no FA99 shipment from BCN, GNO, MNH, BSl 

for j in [6,18,26,29,36,39,46,55,59,62,93,99,113,122,127,129,132,136,138,141,143]: 

    model.addConstr(grb.quicksum(U2_var[i,j] 

        for i in range(19,35)) ==0) 

     

# customized products only from Oulu 

for j in [81,114,125]: 

    model.addConstr(grb.quicksum(U2_var[i,j] 

        for i in range(1, set_K)) ==0) 

 

 

 

model.write("model.lp") 

model.optimize() 

print("Status:", model.status) 

 

 

print('S1_var') 

for i in range(set_K): 

   for j in range(set_R): 

       if U_var[i].x==1: 

         print(S1_var[i,j]) 

 

print('S2_var') 

for i in range(set_K): 

   for j in range(set_K): 

       if S2_var[i,j].x>=0.9: 

         print(S2_var[i,j])          

print('U3_var') 

for i in range(set_K): 

   for j in range(set_K): 

       if U3_var[i,j].x>=0.99: 

         print(U3_var[i,j]) 

 

print('U_var') 

for i in range(set_K): 

    if U_var[i].x>=0.9: 

         print(U_var[i]) 


