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Abstract
In this research, a redesign is proposed for a production-inventory model in the hybrid MTO-MTS
chemical industry. The project, conducted at SABIC, converges from a higher decision making level to
a lower decision making level, i.e. from the tactical level to the operational level. First, a general MTOMTS decision framework is adapted from literature to fit to the problem context at hand. Thereafter,
inventory control systems are evaluated and an applicable design for the context is presented. At last,
a production planning model integrating a block planning approach is presented for a non-identical
parallel machine production environment. The proposed MILP formulation extents current literature
on block planning by introducing different types, timings and lengths of blocks, allowing for backorders,
and introducing service level constraints. In a case study, the products are partitioned based on the
proposed MTO-MTS decision framework and inventory policy parameters are determined for MTS items.
A simulation study validated that the new design generated significant cost reductions and increased
performance on service levels. Moreover, the planning model is able to decrease the production costs
significantly by allocating production orders cost optimal to the different machines.
Keywords:
make-to-order; make-to-stock; MTO-MTS partitioning; sequence-dependent setups;
block planning; production planning; mixed-integer linear programming; non-identical parallel machines
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Executive Summary
This research is conducted at SABIC, a multinational chemical manufacturing company producing a
diversified product portfolio consisting of chemicals, agri-nutrients, metals, specialties, and polymers.
The engineered thermoplastic (ETP) department, a subdivision of the Polymers business unit, has faced a
gradual shift from low volume customized products to higher volume commodity products in combination
with decreasing customer lead time expectations. Hence, due to the large variety of products, SABIC is
forced to work under a hybrid Make-To-Order (MTO) - Make-To-Stock (MTS) production strategy to
stay economically efficient and flexible to demand. Currently, the MTO-MTS partitioning is based solely
on demand characteristics and inventory management policies are not clearly defined. As both concepts
have a large impact on production activities, and are entwined with production planning, design decisions
cannot be made separately from each other. Therefore, alignment is required between all three levels.
The aim of this project is threefold, and subsequently converges from a higher decision-making level to
a lower decision-making level. First, the MTO-MTS partitioning decision framework will be revised and
production strategies determined accordingly. Thereafter, a redesign of the inventory control model is
proposed, i.e. which products should be ordered in what quantity at what time. Lastly, a production
planning model is delivered, incorporating all relevant costs, while recognizing important concepts of the
context. This leads to the following research question:
How to redesign SABICs production-inventory model, considering MTO-MTS partitioning, the
inventory control system, and production planning, such that overall costs decrease while maintaining
the service level?
MTO-MTS partitioning decision framework
After reviewing relevant literature, it is found that most articles consider analytical models using queuing
theory. Yet, extensive assumptions and computational complexity are main drawbacks of these models.
Considering the complex production environment, these approaches are deemed impracticable. Hence,
an alternative model by Soman et al. (2004) incorporates theoretical concepts found in literature to guide
the partitioning problem. Yet, the tool can be easily implemented in a software tool, such that it is easy
to use by managers as a decision aid. The decision framework is adapted from literature, and partitions
the products based on four successive levels which analyze the products from different perspectives:
1. Service considerations: Products with a longer production lead time than the agreed customer lead
time are classified as MTS items. Furthermore, it is checked whether it is feasible to store all types
of packaging sizes in the according warehouses.
2. Demand analysis: The Demand Variability Analysis (DVA) classifies products into four quadrants
based on demand variability and demand volume, measured by the Coefficient of Variation of weekly
demand and Average weekly demand respectively. After plotting the items on both axes, defined
cut-off values for each dimension assign the items to one of the four groups: high/low variability high/low volume. Polar groups, high volume, low variability and low volume, high variability, are
proposed to have an MTS and MTO strategy respectively. To decide on the remaining groups, and
validate the polar groups a detailed cost analysis is performed in the next step.
3. Economic considerations: For each product, the costs for producing an item MTO or MTS are
calculated by a general cost model. Both MTO and MTS items are composed out of setup and
production costs, yet MTS items incur additional holding cost. Important context conditions, like
minimum and maximum order quantities, sequence-dependent setups, and intermittent demand
patterns (many zeros) are included. In the output cost report, the cost advantages for either
production strategy per item can be found.
4. Capacity considerations: On this level, given the obtained classification per quadrant, required
warehouse and production capacity calculations are performed. Subsequently, these requirements
are checked against available capacity.
Inventory control
The design of an applicable inventory control system is based on the problem context at hand, and on
observations acquired from interviews with relevant stakeholders. The choice for a periodic review policy
iv
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is based on two observations. Master planners are unable to review inventory levels on a daily basis,
let alone on a continuous basis, as the number of SKUs and the workload is too high. Moreover, due
to production capacity availability constraints for certain groups of products, a periodic review system
is proposed. The large impact of setups requiring efficient batching, and the preference for certainty
in batch sizes, underlines a fixed base replenishment quantity: an (R, s, nQ) inventory control system.
The batch size, Q, is determined by the EOQ formula. Per product the reorder level is calculated using
the DoBr-tool, an open-source Python module, on the basis of the review period, lead time, Q, and
stochastic demand distribution. The latter is modelled using an empirical distribution, obtained by a
bootstrapping approach for intermittent demand. Stationary demand is assumed, while trend tests and
time series analysis confirm stationary behavior for 92.6% of the relevant products.
Production planning model
In an extensive literature review executed prior to this research, it is found that a block planning
approach is an applicable model concept for the problem context of sequence-dependent setups and
multiple non-identical parallel machines. In block planning, products are clustered into one block based
on matching characteristics, and are produced in a fixed sequence. Consequently, these blocks are
planned and scheduled as one. Considering the importance of raw material production alignment and
raw material availability, products are grouped based on the required raw material: the resin. Based
on the model of Bilgen and Günther (2010), a mixed-integer linear program formulation is developed.
The model incorporates multiple extensions and adaptations to fit the current context, and extending
current literature. To summarize, the model decides which products to produce in what quantities at
what time at which production line such that demand is fulfilled. The objective function minimizes
production, setup, and holding costs while adhering to service level constraints. Moreover, a predefined
block planning, aligned to the raw material campaign planning, is used as input to ensure material
availability. Given all input parameters, e.g. the according costs, manufacturing variables, demand
elements, and sequence-dependent setups, the model is solved using a mathematical optimization solver.
Case study
The MTO-MTS decision framework is applied to the case company. In total, 179 SKUs are considered,
which are produced at the five largest production lines at the Lexan Finishing (LXF) plant in Bergen
op Zoom. Sequentially, the four different levels are followed. In the first step, bulk packed goods are
classified as MTO due to storage constraints. Moreover, one customer critical product is classified as
MTO due to lead time considerations. In the DVA, the cut-off value for demand variability is determined
based on the 80/20 Pareto principle. For the other axis, demand volume, the cut-off value is based on
average production batch sizes. The largest quadrant is the low volume, high variability segment (LVoHVa) with 134 SKUs. After extensively mapping and documenting the sequence-dependent setups, the
cost analysis is executed and implemented in an Excel worksheet. In this analysis, also the inventory
control system parameters are set. Depending on the block, the lead times, and review periods are
determined. Using the EOQ formula, the Q is calculated per item given the according costs. Moreover,
per item, the demand distribution is modelled with an empirical distribution. Based on these parameters,
a reorder level is calculated by a search procedure as implemented in the DoBr-tool. The results of the
cost analysis allocate the LVo-HVa quadrant to MTO, the other quadrants are all classified as MTS. At
last, required warehouse and production capacities are calculated and compared to available capacities.
Both are found to be sufficient. In summary, 27 SKUs are classified as MTS against 152 SKUs MTO.
Simulation study
To obtain insights in the performance of the proposed redesign, a simulation study is performed to
measure key performance indicators (KPIs) over different scenarios. In the dynamic, stochastic simulation the measured KPIs are Relevant costs (e/100 ton), the MEF metric, Fillrate, and Total setup
time. Four non-identical parallel machines are modelled and scheduled given the proposed production
planning model. Moreover, inventory for MTS items is managed by the proposed (R, s, nQ) system. In
addition, products are classified based on the proposed MTO-MTS decision framework. The following
eight scenarios are tested:
• Scenario 1 - 4: Different MTO-MTS quadrant classifications
• Scenario 5: Alternative inventory control system: (R, s, S) model
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• Scenario 6: Inclusion of MTA production strategy
• Scenario 7: Modified DVA bounds, i.e. more MTS items
• Scenario 8: Decreased Q
Results and recommendations
First, the four classification scenarios are compared to the old situation. It can be concluded that every
scenario performs better compared to the old situation from both a cost perspective as a service level
perspective. Depending on the scenario, a total cost reduction ranging between 4.0% and 7.7% can be
obtained. The largest cost reduction, 5.8%, is found at the production costs, which is likely caused
by the optimal production scheduling of the MILP model. In addition, all scenarios perform better on
both MEF and fillrate, on average 8.1% and 5.4% higher respectively. Hence, it is recommended to the
company to incorporate the production model into their current planning and scheduling activities.
When comparing the classification scenarios to each other, it is found that all scenarios render a
fillrate above the target 95%. Yet, to be able to better compare the scenarios to each other on costs and
the MEF, an efficient frontier is determined, which is based on additional simulations of scenario 4. In
Figure 1, the efficient frontier is plotted along with the different scenario outcomes. Note that scenario
6 and 8 are not plotted due to clarity reasons, as their KPIs deviate largely from the other scenarios.
Scenario 4, incorporating the least amount of
MTS items, rendered overall the lowest cost at
different MEF levels. Scenario 4 thereby outperforms scenario 1 and 3. Yet, scenario 2 performs
almost likewise, see Figure 1. The correspondence between these scenarios is the exclusion of the
items in the high variability - high volume quadrant from the MTS strategy. Hence, in general, it
is recommended to the company to decrease the
number of MTS items. In addition, four more alternative scenarios are tested, and compared to
the optimal classification scenario, scenario 4. As
can be found in Figure 1, scenario 5 renders higher
costs at an similar MEF level. As expected, lower
inventory costs are found compared to scenario 4
with an (R, s, nQ) model. Yet, due to a higher
required setup time, setup costs are much higher.
In addition, the fillrate is lower than the target of
Figure 1: Efficient frontier
95%. Thus, an (R, s, nQ) inventory control system
is recommended over an (R, s, S) model. Scenario
6 renders substantial higher costs (55, 915 e/100 ton) at an equal MEF performance level, caused by
higher production costs. Hence, the addition of MTA items is not recommended. Also scenario 7, leads
to increased costs at a similar MEF, as observed in Figure 1. Thus, altering the DVA bounds, does not
render improved results. At last, scenario 8 renders a substantially lower MEF of 92.1% along with a
fillrate lower than 95%. Furthermore, the costs are higher than scenario 4. Hence, it is not recommended
to decrease the order quantities Q.
Summarized, it can be concluded that the implementation of the optimization planning model reduces
production costs significantly. The model is able to schedule the production more efficient, exploiting
the cost benefits of the faster production lines. In addition, considering the MTO-MTS classification, a
lower number of MTS items is recommended, as this leads to lower costs. A classification in which only
the high volume, low variability items are MTS, renders the best performance. Compared to the old
situation, a cost reduction of 6.99% is found at the target MEF performance level of 95%, and a fillrate
of 95.9%. Thereby increasing the MEF performance level with 8.86% and the fillrate with 4.71%.
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Chapter 1

Introduction
In this chapter, the context of this research project will be shortly introduced. After a short company
description, the problem statement is given. Subsequently, the research questions and deliverables of the
project are presented, before the practical and theoretical contributions of the research are discussed.
Afterwards, the outline and contents of the thesis are given.

1.1

The Company

The Saudi Arabian Basic Industries Corporation, SABIC, is a multinational chemical manufacturing
company founded in 1976, and currently has its headquarters in Riyadh, Saudi Arabia. Ranked as the
fourth largest chemical company in the world, SABIC realized a turnover of 45.1 billion dollar in 2019.
SABIC is with a 70% shareholder stake largely owned by Saudi Aramco, a Saudi Arabian multinational
petroleum and natural gas company. Based on revenue, Saudi Aramco ranks as sixth largest company in
the world with a turnover of 355.9 billion dollars in 2019 (Fortune, 2020). Overall, over 33,000 employees in around 50 countries are working together to deliver SABICs products. SABIC has a diversified
product portfolio, subdivided in five business units: Chemicals, Polymers, Agri-nutrients, Metals, and
Specialties. Products are offered to customers covering many different industries, ranging from Agriculture to Packaging, and from Healthcare to Building & Construction (SABIC, 2020). Currently, SABIC
Europe, the European subsidiary which originated from SABICs acquisition of the petrochemicals division of Dutch group DSM, has its headquarters in Sittard, the Netherlands. As this research project is
conducted within SABIC Europe, the remainder of this report will focus on this part of the company.

1.1.1

SABIC Europe Polymers

In the acquisition of DSMs petrochemical business in 2002, multiple large assets, including the two
major manufacturing sites in Geleen (The Netherlands) and Gelsenkirchen (Germany), were acquired,
underlining the intent to become a global company. Later, additional acquisitions of chemical manufacturing plants in Wilton (United Kingdom), Bergen op Zoom (The Netherlands), and Cartagena (Spain),
even further expanded SABICs business in Europe. Nowadays, it operates six world-scale production
sites, runs four Technology & Innovations centers, and has multiple sales offices and logistical terminals
throughout Europe. In these assets, over 6,000 professionals are employed.
One of the five business units is the Polymer division. A polymer is a substance or material which contains very long sequences of (groups of) atoms of one or more species which are linked by primary bonds.
As their chemical structures can be manipulated, they can have infinitely many properties, differing in
strength, color, rigidness, resistances and so forth (Young and Lovell, 2011). As a result, polymers are
used and processed in a wide range of applications, making them useful in many industries. In the polymer division, hundreds of products, also called grades, are produced and sold to customers. Each of these
grades differ in their chemical properties, belonging to an overarching polymer group (like polyethylene),
and consequently can be grouped based on their applications and processing technique. SABIC Europe
Polymers is organized around multiple different departments, e.g. Finance, Manufacturing, Supply Chain
Management (SCM). This research project is conducted at the latter department, SCM, which is divided
into three divisions: supply chain planning, sourcing & contracting, and customer service. Overall,
the SCM department takes care of the planning, order handling, warehousing and distribution of the
polymers. More specific, the supply chain planning department is responsible for long- and short-term
planning of demand, supply, and inventory of different sorts of polymers. A further breakdown of the
planning department is based on the product groups: High-density polyethylene (HDPE), Low-density
polyethylene (LDPE), Linear low-density polyethylene (LLDPE), polypropylene (PP), polypropylene
compounds (PPC/STAMAX), elastomers, and engineered thermoplastics (ETP).The latter department
focuses on higher quality plastics, which are mostly used in demanding applications, for example the
automotive lightning market, and sell for a higher price than standard polymers. As this master thesis
is conducted within the ETP division, the remainder of this report is focused on this part of SABIC.
Master Thesis
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1.2

Problem statement

The Lexan Finishing plant (LXF) in Bergen op Zoom, one of ETPs manufacturing assets, produces a
wide range of polycarbonate products. Originally, the production in LXF was characterized and driven
by end-products customized by customer needs. As a result, most products were produced in relatively
small batch sizes. However, for multiple products demand increased vastly, leading to a shift of the
customized products to commodity products in terms of production volume. Therefore, a large variety
exists in the production portfolio. On the other hand, the market has faced decreasing customer lead
time expectations. To stay competitive, SABIC has to efficiently organize its supply chain to adhere
to the expectations of the customers. Both developments have contributed to and forced SABIC to
partition and adapt the production strategies of their products. In general, a product can either have a
so-called Make-To-Stock (MTS) or Make-To-Order (MTO) strategy, meaning they are either delivered
from stock or on order. A pure MTS approach is not viable, as producing a large set of products with
unpredictable demand is not cost efficient. On the contrary, producing on a solid MTO basis is due
to long, costly setups not feasible. For SABIC, there is a trade-off between being flexible and reacting
to customer demand, on the one hand, and producing economically efficient by reducing setups on the
other hand. Hence, the department is forced to operate under a hybrid MTO-MTS strategy.
The decisions concerning these strategies is known as the MTO-MTS partitioning. Once a year,
SABIC re-evaluates its production strategies based on several product characteristics concerning sales
volume, sales frequency, and active customers. Yet, these decisions are made solely on data from a sales
perspective. To obtain better insights, a broader perspective needs to be taken.
Following this MTO-MTS decision process, supplementary decisions need to be made concerning the
inventory management of the MTS products. Inventory management, the process of ordering, storing
and managing the stock of an organization, is an important subject for companies for a long time already.
Naturally, there exists a trade-off between two area’s: costs and service. As the supply chain management
division is responsible for minimizing costs against a certain predefined service level, a revision of the
inventory control model of the MTS products is required. Since SABIC is a manufacturing company,
the design should take into account and incorporate important manufacturing aspects relevant for the
context of the problem.
Additionally, the outcomes of both the MTO-MTS partitioning and the inventory control model are
directly connected to and affect the production planning. Therefore, a production planning model should
be available to plan production and to analyze the effects of these decisions on the system behavior and
its performance. This way, the design and resulting decisions of the MTO-MTS partition and inventory
control model can be aligned with production planning such that relevant costs are minimized and a
predefined service level (discussed later) is maintained or improved. Eventually, the model should be
available for production planners to plan production and to obtain insights in the production planning.
Summarized, the aim of this project is threefold, and subsequently converges from a higher decisionmaking level to a lower decision-making level, i.e. from the tactical level to the operational level. First,
the MTO-MTS partitioning decision framework will be revised and the products production strategies
will be determined. An important aspect is to not only incorporate a sales perspective, but also include an
inventory and manufacturing perspective. Secondly, a redesign of the inventory control model. In other
words, which products should be ordered in what quantity at what time. The design should decrease the
relevant costs (defined later) while maintaining or improving the service level and adhering to important
constraints and restrictions imposed by the context of SABICs problem. Lastly, a production planning
model is delivered, incorporating all relevant costs, while recognizing important concepts of the context.
The model should plan the production at the operational level such that it provides a guideline for
planners, like master production planners, to obtain (high-level) insights in the production planning.
On the other hand, it should allow for analyzing the effects of changes in pre-conditions on the system
behavior and its performance.

1.3

Research questions

In this section, both main and sub-questions are addressed based on the given problem statement.
First, the main research question is proposed, and corresponding relevant concepts and terms discussed.
Thereafter, relevant sub-questions are proposed which guide the project and deliver relevant information
for answering the main question. Corresponding explanation is given on the purpose of each question.
2
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1.3.1

Main research question

As discussed before, SABIC wants to revise its MTO-MTS partitioning, and a redesign of its inventory
control model and corresponding production planning. The goal is to reduce overall costs, while maintaining or improving the predefined service level. As a result, the following main research question can
be stated:
How to redesign SABICs inventory management model, considering both MTO-MTS
partitioning as inventory control, and production planning such that overall costs
decrease while maintaining the service level?
Inventory management
A branch of business management concerned with planning and controlling inventories, such that a desired stock level of items is maintained. Responsible systems are based on the product, customer, and
the process (Blackstone, 2013).
MTO-MTS partitioning
The MTO-MTS partitioning is concerned with the problem of determining the product strategy, either
make-to-order or make-to-stock, for each item in an organizations product portfolio. In general, these
decisions are made once per year or once per two years, and adhere to the tactical level of decision
making. Often there is a trade-off between flexibility and costs (Rajagopalan, 2002).
Inventory control
Control over the levels of material inventory in an organization. Driven by the science of determining
what to order, when to order, how much to order, and how much to stock, such that a pre-defined level
of customer service is achieved, while overall costs are minimized (Balaji, 1958).
Production planning
In general, production planning is related to the activity of the allocation of production targets and
production resources in order to be able to satisfy (forecasted) demand given a time horizon of weeks or
months (Gelders and Van Wassenhove, 1981).
Relevant costs
The overall costs cover the relevant costs in terms of production and inventory, e.g. holding cost, production cost, and setup cost, which are dependent on and relevant for the design of the system.
Service level
The (customer) service level is often one of the key performance indicators (KPI) in an organization,
and measures the performance of a company. It is a function of different performance indices in a supply
chain, but can be defined and measured in multiple different ways. The target customer service level is
a management decision. The relevant service levels for this project will be discussed in the next chapter.
The redesign should maintain the current service levels (targets) as defined and provided by the company.

1.3.2

Sub-questions

In order to answer the main research questions, multiple sub-questions will be proposed. The goal of
these sub-questions is to guide the research in general and to deliver relevant information for answering
the main research question.
To be able to design both MTO-MTS partitioning and inventory control model for the according
products, it is important to know how each product is characterized, e.g. demand level, number of order
points, margin, required service level, etc. Based on these characteristics, the products can be clustered.
The clusters enable specific designs per cluster, but merges groups of products to decrease complexity
and increase clarity. Therefore, the first sub-question is:
1. What are relevant product characteristics and parameters, and how can the products be meaningfully clustered based on these?
Secondly, it is important to know how production and inventory of these products is characterized,
and what are the relevant costs. Restrictions, constraints, and costs found in this analysis need to be
Master Thesis
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incorporated in the redesign.
2. What are relevant characteristics, in terms of restrictions and constraints, for the production and
inventory of each product, and what are the relevant costs?
Thirdly, literature is consulted for available methods and frameworks concerning the MTO-MTS partitioning. Based on the information found in the previous two sub-questions and the problem context, a
suitable model is selected and adapted if necessary. Consequently, the products can be classified following the defined model.
3. What MTO-MTS partitioning decision frameworks can be found in literature, which is suitable for the
problem context and how can the products be classified based on this?
Fourth, based on the information found in the previous two sub-questions, it is important to know
which inventory control model is appropriate given the context. Based on this information, a design for
each product category can be proposed.
4. Which inventory control model is most suitable for each product cluster considering both the inventory and manufacturing context?
Fifth, an extensive literature review was conducted before the start of this project aimed at production planning and scheduling methods in process industries. From the findings of this literature review,
a promising production planning concept was found: the Block Planning concept, on which will be
elaborated upon in the upcoming Literature Review chapter. Discussions with the company resulted
in an interest in the applicability of this concept. Therefore, SABIC wants to know how a block planning concept can be integrated into their production planning. The information gained from sub-question
2 is (partly) required. In addition, it is important to know how the supply of input materials is organized.
5. How can a block planning concept be integrated into production planning given the context in terms of
input material availability and production constraints?
At last, the redesign of the system needs to be compared to the old situation. Besides, an analysis
is needed to analyze the effect of changes in model parameters to the overall performance of the model.
This way, the sensitivity of certain aspects in the model can be determined.
6. How does the redesign perform compared to the old situation? And how sensitive is the performance for certain model parameters?

1.4

Deliverables

Given the problem statement and proposed research questions, the following deliverables for both parties
can be presented.
After completion of the research project at SABIC, the following deliverables are presented to SABIC
Europe:
• A redesign of both the MTO-MTS partitioning decision framework as the inventory control model
• A production planning software tool incorporating the block planning concept
• Explanatory manual for the model
• Public and Confidential research report
University of Technology Eindhoven is presented:
• Public report presenting the results of the research project on the redesign of the productioninventory model
• An A1-size scientific poster, presenting the main findings and results of this project
4
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1.5

Relevance of the research

In this section, both the practical as the theoretical contribution of this research is described.

1.5.1

Practical contribution

The practical relevance of this project is two-fold. First, the research will present an analysis and improvement of SABICs inventory management model. The MTO-MTS partitioning decision framework
is revised and a classification of the products is proposed. Consequently, an inventory control model is
proposed, defining how SABIC should manage its inventory for MTS products based on the context.
Secondly, an analysis is performed on the applicability and integration of the Block Planning concept in
their corresponding production planning. Next to that, a software tool is designed of their production
planning incorporating a block planning concept, which can be used as a guideline for planners. The
conjunction of both parts represents a redesign of SABICs production-inventory model. Consequently,
possible performance improvements of the design, in terms of overall costs and service level achievement,
are presented. Furthermore, a sensitively analysis will render SABIC insight in the stability of their performance given certain changes in model parameters. Eventually, the proposed redesign can possibly be
implemented in their supply chain. Furthermore, the findings of this research can possibly be generalized
to other production lines in the plant, or to other assets in the future.

1.5.2

Theoretical contribution

The theoretical contribution of this research is two-fold. First, a MTO-MTS decision framework is
adapted and adjusted to fit a complex production environment with sequence-dependent setups in a
chemical industry. Where other models are bounded by multiple constraints, this model is rather free
of extensive assumptions. As this model has not yet been widely applied in real-life settings, and
discussed in literature, a gap exists. Hence, this research contributes by rendering important insights in
the applicability of the model and adapts it at certain aspects. Secondly, this research is a pioneer in
integrating a block planning concept into a production planning model of the chemical industry. As only
a handfull of articles are published on this topic, a gap exist on features and situations encountered in
practice, which not yet have been integrated. A mixed-integer linear program is formulated, in which base
concepts found in related literature are adapted and extended. Thereby contributing to and extending
existing block planning model formulations. Academics can use the results of this study for further
research in the area of planning/scheduling in the (petro)chemical industry.

1.6

Outline of the report

The remainder of this report will have the following structure. In the upcoming chapter, Chapter 2, the
problem context will be explained in a comprehensive way. The production process, the as-is situation,
will be discussed. Moreover, important key concepts and characteristics will be discussed. In Chapter
3, a literature review is performed covering relevant topics for this project. In Chapter 4, the products
are analysed on several characteristics. Chapter 5 will present a decision framework for the MTO-MTS
partitioning. Subsequently, an inventory control model is introduced in Chapter 6. Chapter 7 will
present a mixed-integer linear programming formulation for the production planning model integrating
a block planning concept. In Chapter 8, the MTO-MTS partitioning is performed in a case study for the
case company. Chapter 9 will present the simulation study where the performance is tested of different
scenarios. The report ends with the conclusion, theoretical contribution, and limitations presented in
Chapter 10.
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Chapter 2

Problem Context
In this chapter, the production context is explained in a comprehensive way. First, the production process
is introduced and the scope of the project is defined. Afterwards, important process characteristics and
concepts for the production and storage of the products are highlighted.

2.1

Engineered Thermoplastics supply chain

The supply chain of the department of engineered thermoplastics (ETP) consists out of several assets.
Besides manufacturing sites, also several European hubs, are controlled by the ETP department. The
European hubs are controlled for keeping inventory at different places throughout Europe. This stock is
either produced in one of the European manufacturing assets, or is imported from another region, for
example from the Kingdom of Saudi Arabia (KSA). In Europe, there are two manufacturing sites for
ETP products: in Bergen op Zoom (The Netherlands) and Cartagena (Spain), see Figure 2.1.

Figure 2.1: Overview of the ETP assets
At the manufacturing site in Cartagena, two plants are operational for a total volume of 317 kiloton
per annum (KTA). Note, 1 kiloton is equal to 1,000,000 kilograms. From these plants, produced orders
are either directly shipped to the customers or sent to one of the European hubs for storage. In Bergen
op Zoom, three plants are operational for the production of ETP products for a total of 379 KTA. One
of them, the Resin plant, produces the main raw material for the production in the two other finishing
plants: Lexan Finishing (LXF), and Flexible Compounding (FCP). As the project is conducted in the
LXF plant, the supply chain in Bergen op Zoom will be explained in more detail in the next section.
Allocation of grades to assets
In general, not all grades are produced on every asset. On a yearly basis, the departments of supply chain
and manufacturing, decide which grades are produced on which assets. These decisions are based on the
production and sales budgets, which are yearly determined by representatives of both supply chain, sales,
and manufacturing departments. It is also possible a grade is produced on multiple assets. In general,
following Silver et al. (1998) who presented the hierarchical decision making process, planning decisions
can be divided into three levels: strategical level, tactical level, and operational level. The allocation of
grades to assets is part of the strategical level of decision making, and is thereby out-of-scope for this
project as the aim of this research is on a tactical and operational level.
6
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2.2

Manufacturing site Bergen op Zoom

In this section, the production process in Bergen op Zoom is explained into more detail. First, the scope
of the project is given and subsequently the supply chain is shortly discussed from front-end to back-end.
Thereafter, important characteristics and concepts are introduced.

Figure 2.2: Overview supply chain Bergen op Zoom

2.2.1

Scope

In Figure 2.2, the complete supply chain of Bergen op Zoom is presented. The focus of this project is
on the LXF facility (bottom right corner). In this plant, fourteen non-identical parallel machines are
operational. The five largest lines are called the natural color lines, and these represent around 65%
of the total volume produced by LXF. The largest grades (in terms of volume) are produced on these
lines. Correspondingly, this part of the production process has the most impact on the chain, and the
largest yields are expected in this section. Although the redesign can be generalized to more production
lines and/or facilities, only these lines are considered in the case study due to complexity reasons. Apart
from the production facility, the redesign also impacts the inventory of end-products in the warehouse,
denoted as the most right stock point.

2.2.2

Production flow

Raw materials
Besides the three discussed ETP plants, also other plants are located at SABICs site dedicated to both
the production of raw intermediates and finished goods. On the front-end of the manufacturing site,
multiple factories are dedicated to the production of intermediates consumed in the subsequent plants,
see Figure 2.2. The overall production process in Bergen op Zoom starts with the production of the
intermediate chlorine, which is manufactured by electrolysis of a sodium chloride solution, also known
as the Chloralkali process. Subsequently, chlorine is combined with carbon monoxide, imported from a
different internal SABIC asset, to produce the monomer phosgene. In parallel, the intermediates aceton
and phenol are condensated for the synthesis of Bisphenol A (BPA), a monomer. Both the production of
BPA as phosgene is executed on site, and is almost able to cover the whole supply of input materials for
the subsequent production process. The remaining share of BPA is imported from an external supplier.
The next step in the chain is the Resin plant, where monomers BPA and phosgene are brought into
reaction, producing polycarbonate. These produced polymers will from now one be called resins.
Resins
In general, the input materials have a huge impact on the eventual obtained resins. The main ingredient
for the resins is BPA, and are produced in powder form, see Figure 2.3a. Yet, the exact ingredient
ratio and composition of the different resins differs, as a result they contain different characteristics.
The defining characteristic in resins 105, 115, 125, 135 and 175 is their viscosity, ranging from a lower
viscosity resin (105) to a higher viscosity (175). Moreover, resin 125 is a special resin intended for
healthcare products. Resin 198 for natural colored products. In addition, a high-quality BPA can be
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(a) Resin powder

(b) Plastic granulate grains

Figure 2.3: Intermediate and end-products
used in the reaction to obtain a high quality (HQ) resin variant. Overall, the eight resins comprise
thirteen different forms.
In the resin plant, the resin is produced on two non-identical production lines. After production, the
resins are transported via pipes and are stored in an intermediate silo park. Several storage constraints
are imposed by technical aspects of the silo park, e.g. blending and loading possibilities. From these
silo’s, the resin can be further transported to the on-site plants or loaded into trucks for storing or
transport to external locations. Overall, the largest share of resin is used in the subsequent LXF facility,
while only a small part is used by the other on-site finishing plants. Moreover, a relatively larger share
is packed in containers for shipment to internal customers, and external customers or used as internal
buffers.
Compounded finished goods
Apart from the LXF, FCP and Resin plant, another finished goods plant, called Functional Forms, is
operational at the site. Each production facility produces its own product portfolio. However, as FF is
responsible for the production of products for another department, and the FCP is out-of-scope, these
plants will not be discussed any further.
From the silo park, the resins are transported to the production lines in LXF, where each of the
thirteen resins are used. In general, the end-products come out of the process as plastic granulate grains,
see Figure 2.3b. As previously discussed, the products are called grades and their properties define
each grade. In addition, these grades can have different colors: ranging not only in color, but also in
transparency (e.g. from transparent to opaque). Each combination between a grade and a color has
a unique code, and is called a grade-color. The main ingredient for the grades is the resin from the
Resin plant, additives are added to give the grades their requested properties. As discussed, fourteen
non-identical, parallel machines are operational, where each line has its own characteristics. These
characteristics are production capacity in terms of production rates, and product capabilities in terms
of ability to produce the product portfolio. In general, a production line or a group of lines is dedicated
to the production of a specific set of end-products. This allocation is mainly based on the huge cleaning
operations that are often needed when switching between products with large color differences and other
characteristics (e.g. glass-filled products).
Back-end operations
After production in LXF, there is no internal storage available for the materials in bulk form, so before
they are packed. As a result, the materials are directly packed into the SKU sizes as requested by the
customer or as described by the production order. In total, there are seven different SKU packaging sizes
for the grade-colors, ranging from bags of 25 kilograms to containers of 28 tons. The two largest packaging
sizes are two types for bulk carriage, and are directly loaded from the production lines transportation
pipes into bulk wagon/containers. As these cannot be stored on site in Bergen op Zoom, they are
either directly transported to the customer or to a third party logistics provider who stores them before
delivering to the customer. The remaining types are no bulk types of packaging. After production, the
materials (except for the bulk SKUs) are transported to central packaging (CP), another facility on the
site. All facilities of CP (e.g. buildings and machines) are owned by the company itself, yet an external
company is responsible for the operational business. In CP, the products are packed into their required
8
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packaging type, and subsequently stored in one of the warehouses. The warehouse on site is called the
Logistics Center (LC), the other warehouse is situated in Tholen, 10 kilometers out of Bergen op Zoom,
and owned by the same external company. The former and latter warehouse are called the internal and
external warehouse in the remainder of this report. The external company is responsible for providing
the pallet places agreed upon, and arranging the distribution of inventory between the two warehouses.

2.3

Process characteristics and concepts

An initial analysis of the context in combination with discussions and interviews with the company,
rendered the following process characteristics and concepts important for the remainder of the project.

2.3.1

Process characteristics

First, several process characteristics important for this project are highlighted.
• Very high utilization level; Overall, only a small number of production steps per product are
required. No complex product routing paths via different machines is needed (a so-called job shop
layout), and the product complexity is rather low. This justifies the acquisition of very costly
production equipment. These high equipment costs in combination with a relatively low number
of man power, leads to maintaining a very high utilization level (around 95-100%, i.e. a round-theclock production).
• A divergent product structure; The process only starts with a set of thirteen different resins. Yet,
the addition of colors and the ability to pack the products into many different packaging sizes,
renders an increasing number of SKUs along the process.
• Substantial setup/cleaning times; The production process in LXF is characterized by the large
amount of setups in the form of cleanings that are required between the different grade-colors. As
previously discussed, the grades in conjunction with the additives define the product characteristics.
These additives can be relatively aggressive, in a way that subsequent production orders without
that additive can be contaminated. The same goes for colors. As practically all colors can be
made, large differences between colors can occur. A color transition from one color to the other
can cause contamination when not cleaned appropriately. As a result, setup/cleaning times have a
huge impact on production.
• Sequence dependency of setups/cleaning; Apart from having a large impact on the system, all
setups and cleaning operations are also sequence dependent. For example, going from a gradecolor differing in both color as raw materials/additives with the subsequent scheduled grade-color,
requires a large, and long cleaning. In contrast, two grade-colors with the same color and same
underlying raw materials and additives, hardly require any cleaning operations.
• Limited intermediate storage space; Between the resin plant and the subsequent finishing plants
only limited intermediate storage space is available. All resins that are produced are directly
transported via pipes to one or more silo’s. As the production of the resin is planned in (long)
campaigns, and intermediate storage is scarce, good coordination between the plants (mainly LXF)
is important. While the production of resins has a very high throughput, the planning of the LXF
facility should be aligned to be able to process all output. Disjointness leads to the costly and
time-consuming process of bagging the resin and replenishing the system at a later moment.
• Multiple non-identical parallel machines without fixed product allocation; The natural color lines of
the LXF, five in total, are all non-identical in terms of production capacities (i.e. production rates)
and production capabilities. Two machines have the largest production capacity of all production
lines in the plant, while the others are relatively much slower. In addition, not all lines are capable
of producing the same grade-colors (due to technical production constraints). As a result, to
maintain flexibility in planning, no fixed product-machine allocation is present.
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2.3.2

Concepts

Secondly, important concepts for the project are explained in this section.
Delivery-To-First-Promise (DT1P)
The most important performance measure in use by the case company is the metric ’Delivery-To-FirstPromise’ (DT1P). The DT1P metric is an event-oriented performance criterion, and is calculated based
on meeting the due date as communicated to the customer. The process of determining the communicated
delivery date will be shorty explained, and is a collaboration of mainly the customer service (CS) and
supply chain planning division. The first point of contact is a customer reaching out to a representative
of CS. The customer requests a certain amount of a certain SKU for a specific data (the requested
delivery date), and CS enters this in the system. Depending on whether the product is an MTS item or
an MTO item, the minimum customer lead time differs. In general, the case company aims at achieving
a production lead time of four weeks. Some products have a longer production lead time of twelve
weeks, yet MTS orders should always be delivered from stock. On top of the production lead time, some
additional lead time is added for tendering, packaging and transportation. Hence, the customer lead time
is composed out of the production lead time and the time required for the additional activities. After
entering the order, the system checks feasibility on different aspects. For MTO orders, the requested
delivery date is checked on achievability given the planned production capacities. Stock levels are checked
for the MTS orders. Also, the order size is checked against the minimum order quantities. If for any
reason, the requested delivery date is not feasible, a later, feasible delivery date is chosen in mutual
agreement between CS and the customer. This new, agreed delivery date is recorded as the confirmed
delivery date, and thus consists out of the production lead time, tendering (i.e. paper work), packaging,
and the delivery lead time (which depends on the destination). Based on this confirmed delivery data,
the DT1P is measured. If the customer order is later on its destination than the agreed date, the order
is marked as a defect. The defects are subdivided into four buckets, such that the origin of the defect
can be tracked. If the order is earlier or exactly on-time, the order will be marked as correctly fulfilled.
Currently, the target DT1P level is 95% and can be calculated by:
number of defects
total number of delivered orders
The DT1P metric is thus independent of the volume of the order.
DT1P = 1 −

(2.1)

Manufacturing Excellence Factor (MEF)
The DT1P metric measures the overall performance of the whole supply chain, given manufacturing,
packaging, and transportation. On the other hand, the MEF measures the manufacturing part of the
performance. In general, the production lead time for production orders is four weeks, a few products
have a lead time of twelve weeks. When a production order is created, either triggered by a customer
order or an MTS replenishment order, a Material Availability Date (MAD) is determined. The MAD is
set based on the production lead time and the order creation date, and can be seen as the last admissible
day for manufacturing to finish the order. Again, the MEF metric is measured as an event-oriented
criterion, and every production order is marked as early, on-time or late. As the MEF is connected to
one of the DT1P buckets, late orders deteriorate the DT1P performance. The MEF has also a target
level of 95%, and can be calculated by:
MEF = 1 −
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number of late production orders
total number of production orders

(2.2)

Master Thesis

Chapter 3

Literature Review
In this chapter, a literature review is presented. The aim of this review is to gain some insights into the
available literature on the topic, and to discuss relevant literature for the project. The review consists
out of three parts. The first part highlights literature on production planning and scheduling for process
industries. An extensive literature review has been performed on this topic before the start of this
project, the main findings are presented here. The second part focuses on literature concerning MTOMTS partitioning models and frameworks. At last, research concerning inventory control is covered.

3.1
3.1.1

Production planning in process industries
Supply chain management

The concept of production planning and scheduling lies in the broader concept of supply chain management. In a manufacturing company the supply chain can be defined as the collaboration of different
business entities, i.e. suppliers, producers, distributors and retailers, to perform several functions as
the acquaintance of raw materials, the subsequent convergence of raw materials into finished products,
and the delivery of these products to customers (Beamon, 1998). In essence, the goal is to deliver the
highest customer service level against the least possible cost (Christopher, 1998). To be able to coordinate this, different planning activities are involved, not only are they divided horizontally (from front-end
to back-end), but also vertically in terms of the decision-making horizon and aggregation level. Three
different levels can be distinguished: strategical, tactical, and operational level as firstly introduced by
Silver et al. (1998). The supply chain with its different planning activities and levels is visually presented
in the following matrix, see figure 3.1. The activities on which the focus of this part of the review will
continue are shaded: Production planning and scheduling.

Figure 3.1: Supply chain planning matrix by Maravelias and Sung (2009)

3.1.2

Production planning and scheduling models

As introduced in the previous section, production planning and scheduling activities, although having
different horizons, are closely related to each other. In general, production planning is related to the
activity of the allocation of production targets and production resources in order to be able to satisfy
(forecast) demand given a time horizon of weeks or months (Gelders and Van Wassenhove, 1981). On
the other hand, scheduling is related to the sequencing and allocation of material, equipment, and labor
force over a time horizon of days or weeks, given certain production constraints, such that manufacturing tasks can be executed to deliver one or several products (Dias and Ierapetritou, 2017; Pinto and
Grossmann, 1998; Rodammer and White, 1988). Traditionally, in accordance with the decision making
levels introduced in the previous section, the two planning activities are solved separately, such that the
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solution on the higher level acts as input for the lower level. However, in production management literature a dividing line between planning and scheduling is not always drawn unambiguously. In process
industries, a production run can take multiple days and therefore scheduling is performed on a planning
horizon of more than one week (Fransoo, 1993). In addition, time-consuming setups are general phenomena, leading to an increasing importance of lot sizing decisions which cannot always be postponed
to short-term planning models (Crama et al., 2001). Therefore, planning and scheduling issues in the
process industry are strongly entwined and a clear distinction cannot always be made. Consequently,
in the remainder of this part of the review, the literature on planning and scheduling in the process
industry will be treated as one. In addition, a distinction can be found between planning and scheduling
literature originating from operations research and management science field and the area of chemical
engineering. Both types of literature cover and incorporate somewhat different research topics, whereas
the latter is more focused on process design and process control. Therefore, the remainder of this review
will only address literature from the operations management field.

3.1.3

Lot sizing models

As production planning has always been around in the manufacturing industry, a very large body of
literature is available concerning different planning and scheduling models. In general, available literature
can be classified into several main topics, see Figure 3.2. A first classification divides literature between
continuous lot sizing problems and dynamic lot sizing problems. Dynamic lot sizing problems assume a
discrete time scale, deterministic dynamic demand and a finite time horizon (Jans and Degraeve, 2008).
In contrast, continuous lot sizing problems assume a continuous and infinite time scale, i.e. time is
not divided into discrete periods/buckets (Ramya et al., 2019). The length of these buckets categorises
the models further into small-bucket and large-bucket models. Small bucket lot sizing models consider
very small time periods. Consequently, only one product can be produced per period or one setup (at
most two) can be performed. These small time frames yields detailed information, however the amount of
decision variables and constraints required increases rapidly. Considering the complex production setting
of the problem company of sequence-dependency, multiple non-identical machines, larger time-horizon,
and large number of products, these models are not applicable, and will not be discussed further. Some
relevant models within the continuous and large bucket lot sizing models will be discussed.

Figure 3.2: Classification of lot sizing models by Ramya et al. (2019)

Economic Lot Sizing Problem
The most prominent continuous lot sizing model is the Economic Lot Sizing Problem (ELSP), first named
and used by Rogers (1958). The ELSP received a lot of attention from the academic world, and deals
with the problem of wanting to adhere to the cyclical production patterns which are based underlying
calculated ’economic manufacturing quantities’ (Elmaghraby, 1978). Originally, the problem assumes a
single-machine production setting, sequence-independent setup costs and times, lost-sales, and demand
and production rates are deterministic, known, and constant over time. The goal is to determine the
optimal lot sizes of the different products and the sequence of the production tasks such that inventory,
holding, and set-up costs are minimized (Sun et al., 2009). Moreover, the problem is proved to be
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NP-hard, and the objective function is not convex, making it very difficult to find an optimal solution
(Bourland and Yano, 1997; Hsu, 1983). As a result, there are currently two types of solution strategies:
analytical approaches tackling simplified versions of the problem incorporating diverse relaxations versus
heuristic approaches solving the complex, original problem. These complex problems often incorporate
more real-life settings, like sequence-dependent setups, parallel (non-identical) machines, or stochastic
demand. However, it must be remarked that although a vast body of literature is already available
concerning the ELSP, there still exist some deficiencies, and the assumptions of ELSP problems found in
literature are seldom found in an industrial environment. Several real-life characteristics of production
systems, e.g. sequence-dependent set-up times, allowance of backlogging, non-identical parallel machines,
and shelf life considerations, have received very little to even no attention. Hence, related methodologies
offer little potential for practical applications.
Capacitated Lot Sizing Problems
The general problem in the area of big bucket models, is the Capacitated Lot Sizing Problem (CLSP).
Originally, this problem aims to find the optimal production plan for a single machine with multiple items
with sequence-independent setup costs, while adhering to capacity constraints, without considering setup
times (which were added later). Currently, there exists multiple extensions for this problem incorporating
more complex, yet more realistic production settings. The following extensions are addressed:
•
•
•
•

Parallel/Multiple machines
Sequence-dependent setup cost/setup time
Backorder allowance
Production carryover, setup splitting, setup carryover

In short, production carryover is a phenomenon in which a setup state is carried over to the subsequent
production period, to avoid redundant setups of the same product in consecutive periods. Furthermore,
when there is capacity left in a period, and no additional products are needed given the current setup,
a setup can be performed across two different time periods: setup splitting. Last, setup times are very
long in almost all process industries. Manufacturers in these industries allow the setup to be carried over
across multiple periods, this phenomenon is called setup crossover.
Block planning
Another concept in production planning and scheduling literature, particular applicable for process industries, is the block planning concept (BCP). This approach, which is based on a continuous representation
of time, is designed to overcome problems and difficulties that arise in discrete time-based lot sizing models. Mostly, these difficulties are caused by the changing characteristics of the production environment
currently confronted with.

Figure 3.3: Illustration of block planning concept
The original model of the basic block planning is introduced by Günther et al. (2006), and is based
on an approach for campaign scheduling on a continuous time scale in a supply network of a chemicalpharmaceutical industry which is designed by Grunow et al. (2003). In general, the approach assumes the
grouping of products into product families based on the dependency of their setups. In process industries,
often there exists a natural sequence of producing a set of products. Such sequence of products can be
integrated into one product family, and accordingly scheduled as one ’block’. Consequently, only minor
setups are required between individual products in a block, and a major setup is required between
different blocks. As the sequence of the individual products within such block is predefined, model
complexity is significantly reduced. Two different block planning approaches can be distinguished: rigid
block planning and flexible block planning. In the flexible approach, the model has more degrees of
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freedom as the length of an entire block is variable. In the rigid approach, the length of a block is fixed
and corresponds to the length of a period (e.g. a week).
For these problems, mixed-integer linear program (MILP) formulations are formulated which are
subsequently solved using mathematical optimization solvers. Besides a single-stage production system
situation, also alternative situations can be modelled and incorporated in the model formulation. For
example, parallel production lines, perishability of products by imposing shelf-life constraints, and backordering of excess demand. Hence, the block planning approach is a promising way to model real-life
complex situations while still be able to find optimal solutions in short computational times.

3.1.4

Literature classification

Based on the previously discussed topics, several relevant articles are further investigated. The classification, see Table 3.1, is made given the following topics relevant for the research problem:
1.
2.
3.
4.
5.
6.

Type of model
Objective function
Solution method
Demand modelling
Time scale
Production setting
– Single Machine (SM)
– Identical Multi-Machine (I-MM)
– Non-identical Multi-Machine (NI-MM)

7. Sequence-dependent (SD) setups
8. Backordering (BO) allowance
9. Feasibility of method for large problem instances (LPI)

Table 3.1: Article overview of relevant literature

Conclusions from literature
From researching the articles, and the performed classification, several things can be concluded. In the
academic world, a vast body of literature is available considering a wide range of planning problems
and models. In general, the same trend is visible for models. The use of (meta-)heuristics delivering a
near-optimal solution is increasing drastically and are chosen over solution approaches using exact methods. This is explained by the increasing complexity of the modelled problems and the inability of exact
methods to find feasible, let alone optimal solutions. However, (very) complex problems which combine
multiple real-life settings are scarce. Literature considering a NI-MM environment in combination with
SD setups can hardly be found. A double paper by Oh and Karimi (2001a,b) propose a hierarchical
model for campaign determination and scheduling in chemical plants considering SD. However, the constant demand rate assumption, apart from the SM setting, makes it trivial for a hybrid MTO-MTS
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production plant. More recently, Ghirardi and Amerio (2019) have constructed a promising matheuristic
(combination of meta-heuristics and mathematical programming) for the CLSP in an NI-MM environment, yet no SD setups are assumed, or can be added to the model. A similar study by Bollapragada
et al. (2011) propose a heuristic for the CLSP with NI-MM setting, yet no SD setups are incorporated.
Even if a method is available for such complex environments, like the study of Quadt and Kuhn (2009),
large problem instances cannot be solved accordingly.
Yet, a relatively new, promising stream of research covers the block planning concept. Block planning reduces the model complexity and makes it easier to generate a feasible, good solution to real-life
situations. In addition, the concept incorporates sequence-dependency, and parallel machine production
environments. Yet, a gap is present as only a handful of research studies are performed on block planning. The study by Günther et al. (2006) and improvement follow-up study by Günther (2014) propose a
MILP formulation for a SM setting. Lütke Entrup et al. (2007) introduced an MILP in an I-MM setting
while maximizing the contribution margin, however stricter bounds on setup and production carryovers
between days make the model less applicable. An article by Bilgen and Günther (2010) integrates a
production and distribution planning model. The corresponding MILP minimizes relevant costs and
assumes an NI-MM setting. As the context of the research problem is comparable to these studies, parts
of these models are used as an inspiration for the model formulation of the company’s problem.

3.2

MTO-MTS partioning decision frameworks

In general, compared to pure MTO or MTS production systems, literature on hybrid MTO-MTS systems
is scarce as only a handful of papers have explicitly dealt with this situation. The first study on this
topic is conducted by Williams (1984), who analyzed a single-stage system with queuing theory to answer
questions regarding what products to stock, which MTO items to accept, and how to set batch sizes for
MTS products. A different study by Carr et al. (1993) introduce a MTO-MTS partitioning framework
based on the ABC classification, where B/C-category products are MTO and A-category items MTS.
Queuing theory is subsequently used to show that a hybrid strategy leads to less cost compared to a pure
MTS strategy. Li (1992) incorporates market aspects and customer behaviour in the decision to produce
a product to stock, and is more focused on the effects than the partitioning itself. An article by ArreolaRisa and DeCroix (1998) considers a multi-product, single machine setting in which optimal conditions
are provided for the MTO-MTS partitioning based on queuing analysis. Other studies, Federgruen and
Katalan (1999), Mu (2001), and Tsubone et al. (2002), in a similar way considered shop-floor optimality
conditions of manufacturing systems. Rajagopalan (2002) introduces a non-linear integer program to
decide on the MTO-MTS partitioning, reorder points and replenishment quantities. However, all mentioned analytical models have several drawbacks. First of all, lot of assumptions are incorporated in the
models to reduce complexity and increase compatibility with recognized theoretical models. Moreover,
computational complexity make the models intractable, and implementation complexity makes then impracticable. On the other hand, a more qualitative stream of research aims at locating the customer order
decoupling point (CODP). This concept, developed by Hoekstra et al. (1992), aims at finding the break
off point between activities driven by order, or by forecast. Conceptual models have been developed
by Van Donk (2001), and Olhager (2003), addressing variables and factors which impact the location
of this point. A totally different decision making structure is developed by Zaerpour et al. (2009), a
fuzzy TOPSIS-AHP model. Yet, shop-floor environments are not considered, and experts’ subjective
judgements and involvement are crucial to the quality of the outcome.
A different model is proposed by Soman et al. (2004), who aims at creating an easily available,
ready-made instrument. It takes into account key factors covered in previously discussed literature, e.g.
service delivery requirement, demand variability, cost and process constraints. At the same time, the
model can be implemented in a software tool, such that it is easy to use by managers as a decision aid.
In addition, it incorporates several theoretical concepts to guide the complex partitioning problem, and
gives a uniform treatment of various important trade-offs and considerations of the problem at hand.
Although the model is designed in a food-processing context, strong similarities are present between
this industry and the chemical industry, both being a type of process industry. Hence, the applicability
of the model can be generalized and adjusted where necessary. Moreover, products are analyzed from
multiple different perspectives. As currently only a sales perspectives is taken, important production
characteristics are ignored, this framework overcomes this deficit. Considering the implementability,
applicability, and adaptability options of the model, and the company problem and context, the model
will be used as a guideline for the MTO-MTS partitioning decision framework in this project. Chapter
5 is dedicated to a detailed explanation of the model.
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3.3

Inventory control systems

As described by Axsäter (2015), the purpose of an inventory control system is to determine when and
how much to order. In general, inventory control systems are build upon one important concept: the
inventory position. The inventory position is equal to the sum of the inventories in the system minus
the backorders (Donselaar and Broekmeulen, 2014), see Equation 3.1. Customer orders which could not
be delivered directly from stock are called backorders, and are delivered whenever new stock is available
again. The inventory in the system is defined by the physical inventory at the stock point, i.e. the
inventory on hand, and the scheduled receipts, which are already ordered replenishments whom not have
been delivered to the warehouse yet.
Inventory position (IP ) = Inventory on hand (IOH) + Scheduled receipts − Backorders (BO) (3.1)
Silver et al. (1998) introduced a major classification of inventory control systems. Deviating from
other literature, they explicitly incorporated the review period, R, as one of key decision variables.
Thereby, classifying systems based on whether inventory levels are reviewed continuously or periodically.
Further classification of the systems is based on the replenishment quantity, which is either in (integer
multiples of) fixed quantities or variable quantities. The fixed replenishment quantity is denoted by Q,
while the replenishment quantity in a variable context is based on the difference between the inventory
position and the order-up-to level S. In both type of systems, a replenishment decision is triggered
whenever the inventory position is below the critical level, called the reorder level, s. So based on the
discussed dimensions, four basic inventory control systems can be introduced: (s, S), (s, nQ), (R, s, S),
and (R, s, nQ) systems. The former two are the continuous review models, the latter the periodic review
models. Table 3.2 presents an overview of the control models.
Table 3.2: Inventory control systems
Fixed base Q
Variable Q

3.3.1

Periodic review
(R, s, nQ)
(R, s, S)

Continuous review
(s, nQ)
(s, S)

General expressions

To be able to analyze an inventory system, expressions for different types of inventory are proposed.
As described by Donselaar and Broekmeulen (2014), the behavior of a system is considered during a
single arbitrary review period. The review moment at the start of this review period is denoted as τ .
As an order is received L time units later, an ordered replenishment at τ arrived at τ + L. Furthermore,
considering the review period is R, the first moment the inventory position is reviewed after τ , is at
τ + R, and a possible replenishment arrives at τ + L + R. Subsequently, the interval (τ, τ + R) is called
the review cycle, and the interval (τ + L, τ + R + L) the potential delivery cycle, see Figure 3.4.
Given these notations, Donselaar and Broekmeulen (2014) derived general expressions for the expected inventory on hand, and expected backorders. Subsequently, expressions for other key performance
indicators (KPIs), like the fillrate, discrete ready rate, expected order lines, and expected order size,
are derived. Moreover, analytical expressions are proposed for discrete demand and continuous demand
situations. Although these expressions are derived in an (R, s, nQ) system setting, they also apply to
an (R, S)-system. In addition, results for (s, nQ) and (s,S) - systems can similarly be derived as they
can be seen as period review systems with extremely small review periods. In addition, by using the
expressions derived by Zheng (1992) for the probability distribution of the inventory position in an (s,
S) context, also exact expressions can be obtained for (R, s, S) - systems.

3.3.2

Measuring service level

In practice, determining a reorderlevel, or safety stock, is often based on specifying a certain service
constraint. Following Axsäter (2015), three different service definitions can be defined:
• P1 = the probability of no stockout per order cycle, i.e. the probability that the inventory on hand
is positive just before an actual delivery takes place.
• P2 = the fillrate, which is the fraction of demand that can be satisfied immediately from stock on
hand.
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Figure 3.4: Sample path of an (R, s, nQ) inventory control system (Donselaar and Broekmeulen, 2014)
• P3 = the ready rate, which is the fraction of time with positive stock on hand (measured continuously over time).
Although easy to use, the P1 does not provide a good measure for customer product availability as it
does not take batch sizes into account. Especially for large batch sizes, the P1 does not reflect the ’real’
service level. Donselaar and Broekmeulen (2014) propose another service level called the discrete ready
rate, P3discrete . It denotes the probability that there is positive inventory on hand just before a potential
delivery moment, and can be seen as the discrete counterpart of the P3 service measure. In general,
P2 , is very useful in many situations for setting reorder levels, and is the preferred way to define the
customer service.

3.3.3

Setting of reorder levels

In general, methods for setting reorder levels can be categorized based on one demand characteristic:
stationary demand versus non-stationary demand. In the latter case, the average demand increases or decreases as time passes caused by trends, seasonality, product life cycles, etc. Although often encountered
in practice, exact analysis of time-varying and stochastic demand is far too complicated to be used as a
routine (Silver et al., 1998). Hence, heuristic approaches for determining the reorder level are suggested
for these situations. Instead of a fixed reorder level, every review moment a new reorder level (st ) is
determined based on forecasted demand over L + R periods and the standard deviation of the forecast
f cst
error. The sum of the forecasted demand (Dt,t+L+R
) and a safety stock (sst ), which is computed based
on the standard deviation of the forecast error for the next L and L + R periods, renders the reorder
level at time t (Donselaar and Broekmeulen, 2014):
f cst
st = Dt,t+L+R
+ sst

(3.2)

Reorder level setting for stationary demand is generally based on the mean and standard deviation of the
demand during L + R periods. Based on this information, a fixed reorder level can be determined. Apart
from the demand information, a target service level, mainly the fillrate, the review period, and the lead
time, are required. Following this approach, the expressions proposed by Donselaar and Broekmeulen
(2014) can be applied, see Appendix A.

3.3.4

DoBr-tool

Based on the expressions proposed by Donselaar and Broekmeulen (2014), a tool is developed which
calculates KPIs, e.g. P2 , the expected inventory on hand (E[I OH ]), for (R, s, nQ), (R, s, S) and (R,
s, S, nQ) inventory control policies, called the DoBr-tool. The tool is able to handle many situations
encountered in practice. For situations with stationary demand, backordering and non-perishability
of products, exact results are obtained. In addition, exact results are also obtained for some discrete
demand situations considering a lost sales assumption. Approximations are used for other situations,
incorporating non-stationary demand, perishability, and lost sales.
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Product Analysis
In this chapter, the products are analysed to obtain some insights in several product features. First, an
overview of the products in the scope of this project is given, and general characteristics are discussed.
Afterwards, demand data is analyzed and specific demand characteristics addressed.

4.1

Overview of the products

In general, the LXF plant produces a wide range of different products.
The structure of the products in terms of granularity levels is explained
first, see Figure 4.1. As previously discussed, the base is the defining
grade. The grade defines the characteristics, e.g. mechanical, thermal,
physical, electrical, of the material. In addition, the color defines as expected the color of the product, ranging from red blue to yellow, and from
black to white. Also, the transparency of the material can vary between
opaque and transparent. The grade in combination with a color is called
a grade-color. In general, the colors produced at the natural color lines
are relatively simple. Most products have a transparent character with a
relatively light color, although there are several deviating materials.
On the next granularity level, the TOT level, the products are further
specified based on some customer needs, and an additional numerical code
is added to the grade-color specification. Some products can have a small
change in their production specifications, caused by a small deviation in
the production process. For example, an extra additive or a different ratio
of additives. However, these deviations are too small for the product to
adhere to a whole other grade-color. In addition, production planning is
performed on this level.
On the lowest granularity level, the SKUs are defined. After production of a TOT, the products are packed into a packaging size, rendering
a unique SKU for each packaging size of a TOT. This level corresponds Figure 4.1: Granularity levels
to the granularity on which the products are sold and shipped.

4.1.1

Filtering

Since this project is aimed at the natural color production lines,
the total product portfolio can be further narrowed down to
the products produced at these lines. A combination of ex- Table 4.1: Unique items per granularity
pert knowledge, historical production master data, and sales level
master data is consulted for the determination of the product
Granularity level Total number
portfolio of these lines specifically. In consultation with key
Grades
65
stakeholders, the year 2019 is chosen as the basis of the masGrade-colors
106
ter data, considering both internal as external circumstances.
TOTs
120
Before defining the products in scope, all relevant master sales
SKUs
179
data is gathered. As sales do not solely come from customers
within Europe, multiple different sets of data are combined. In
total, three different regions can be defined: Europe, Kingdom
of Suadi Arabia (KSA), and the United States and Australia. Corresponding sales master data of each
region is combined to obtain one overarching file. First, based on expert knowledge of the manufacturing
department and production master data, all TOTs which can be produced on these lines given the limitations of the production line capabilities are derived. A categorization is made, defining which TOTs
can be produced on what production lines.
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To obtain the corresponding SKUs, master sales data is consulted, and subsequently all SKUs with
positive sales are included. In addition, there are some TOTs of which the production volume cannot
be directly linked to the sales volume. These are intermediate products, and are produced for internal
consumption in other factories of the company. Two types can be distinguished in this case: a TOT
which only consists of internal demand, and one who both has internal and external demands. Yet, the
internal demand cannot be defined in detail by data deficiencies. Furthermore, the TOTs having only
internal demand are not defined at SKU level. Concluding, filtering the product portfolio rendered the
following number of unique items per granularity level, see Table 4.1. From this table, the diverging
product structure is easy to remark.

4.1.2

General characteristics

After performing discussed filtering procedures, several general characteristics can be discussed for the
remaining SKUs. First of all, the annual demand, order frequency per year, and number of active
customers are presented. Huge differences are found in the sales characteristics of the product portfolio,
see Table 4.2. From a manufacturing perspective, the most important characteristic of a product is the
required raw material, the resin. As discussed in section 2.3, raw material production imposes constraints
on the production planning of the LXF plant. Due to intermediate storage capacity constraints, and
campaign planning of the resin plant, coordination is required between the production of the resin plant
and the LXF plant. To be able to process all the resin output, LXF products requiring the according
resin need to be scheduled in alignment. Of the five types of resins required in the LXF plant, three
types, resin 125, 198, and HQ resins, need this kind of alignment. Hence, grouping of these products is
beneficial, and thus the raw material can be seen as a basis for clustering products.
Table 4.2: General characteristics SKUs
Characteristic
Annual demand (kg)
Order frequency
Customers

4.2

Average
876,771
10.1
78.12

Minimum
78.75
3
4

Maximum
21,611,451
1518
85

Demand analysis

4.2.1

Demand patterns

First, the demand patterns of the SKUs are analyzed. The sales data is aggregated on a weekly basis,
as a very large number of zeros is present in the data. The analysis is based on the demand pattern
categorisation as defined by Syntetos et al. (2005). For each SKU, the coefficient of variation (CoV) of
the positive demands is determined in combination with the average order interarrival time (IAT). The
IAT is calculated on a weekly basis. Syntetos et al. (2005) determined cut-off values for each dimension,
such that four categories are created. Visually this can be presented in a scatter plot, where each SKU
is plotted and categorised in one of the four areas, see Figure 4.2. Note, SKUs with two or less orders
are not incorporated. To increase clarity, seven SKUs with an average IAT larger than 12 are omitted.
Table 4.3: Characteristics of demand patterns
Pattern

Total number

Erratic
Lumpy
Intermittent
Smooth

5
59
64
1

Average # weeks with positive demand (year/SKU)
44.4
13.1
8.6
52.0

Average order
size (OS) (kg)
209,837
65,344
57,113
178,183

Min OS (kg)

Max OS (kg)

42,270
1,392
6,791
N/A

527,723
366,994
116,270
N/A

Clockwise, starting from the top left area, the four categories are: 1) erratic demand, 2) lumpy
demand, 3) intermittent demand, and 4) smooth demand. It can directly be concluded that the majority
of the demand patterns can be categorised as lumpy or intermittent. In general, the demand patterns
are rather irregular in terms of weekly demand. In addition, a large part is also irregular in terms of
order sizes. In Table 4.3, the number of SKUs per category is presented, along with some characteristics.
Looking at the average number weeks with positive demand per SKU per year, it is indeed observed that
the lumpy and intermittent categories have a much lower average compared to the erratic and smooth
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Figure 4.2: Scatterplot of demand pattern classification
areas. In addition, the average order size is also much lower for these areas. These two observations
indicate that items with a lumpy and intermittent demand pattern, in general are defined by a lower
number weeks with positive demand and a smaller order size; i.e. lower-volume SKUs. On the other
hand, items with an erratic and smooth demand pattern are generally defined by a higher number weeks
with positive demand and a larger order size; i.e. higher-volume SKUs. In Appendix B, products are
presented in a scatter plot with annual demand and number of positive demand weeks on the axes. It
is indeed validated that products with a higher number of positive demand weeks have a higher annual
demand (i.e. high-volume). The same goes for the other way around.

4.2.2

Stationary series

Apart form the demand pattern, the behavior of demand over time is of interest for this research.
Therefore, the presence of a trend in the demand series is tested. A parametric t-test is used for this
purpose, as described by Önöz and Bayazit (2003). A number of variables are calculated given the
demand data as used in the previous subsection. The statistic (Haan, 1977) can be calculated by:
t=

b
√1
.
s/ SSx

(4.1)

The statistic follows a Student’s t distribution with degrees of freedom n − 2, b1 is the regression
coefficient, n the sample size, s the standard deviation of residuals, and SSx the sums of squares of
the independent variable (time in this case). The null hypothesis, H0 : b1 = 0, is tested against the
alternative hypothesis H1 : b1 6= 0, at a significance level α. In this case, an α of 0.95 is assumed.
Consequently, the hypothesis that there is no trend, H0 , is rejected when the t value, as computed by
Equation 4.1, is larger than the critical value tα /2 in absolute value. As the degrees of freedom, n-2, is
equal to 50, α is 0.95, and a two-tailed test is performed, the critical value is equal to 2.009. In Table
4.4, an overview of the results is presented. Note, all products with less than 4 positive demand weeks
are removed. In general, it can be concluded no trend is present in the data for the majority of the
SKUs. In addition, the results of filtered groups are shown: SKUs with demand in at least 25%, 50%, or
75% of all weeks. It can be observed that SKUs with more positive demand weeks, generally are more
stationary than items with a lower amount of positive demand weeks. Hence, as products with more
positive demand weeks have higher annual demand, Appendix B, the same goes for higher-volume SKUs.
Table 4.4: Overview results t-test
Group
#
#
#
#

20

demand
demand
demand
demand

Number of SKUs
weeks
weeks
weeks
weeks

≥
≥
≥
≥

4
13
26
39

113
44
17
6

Not enough evidence
to reject H0
77
31
13
5

H0 rejected

% not rejected

36
13
4
1

68.1%
70.5%
76.5%
83.3%
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MTO-MTS partitioning
In this chapter, the decision framework for the MTO-MTS partitioning is introduced adapted from the
study by Soman et al. (2004). The framework is aimed at providing a tool to guide the production strategy
decisions of products. In general, these decisions, which are at a tactical level, are performed once per
year or once per two years. First, the model is discussed on a conceptual level, and is subsequently
adapted such that it fits the problem context. After introducing the general architecture, each level of
the framework is explained, and the required data and calculations are discussed.

5.1

Decision framework

In this section, the decision framework of the MTO-MTS partitioning is introduced. In general, at all
manufacturers a trade-off can be found between service and costs: reaching a highest possible service
against the lowest possible cost. Hence, the focus of this partitioning is on two important aspects:
inventories are either required to achieve delivery service requirements, or can be used to yield cost
savings. Four successive levels of calculations are proposed, analyzing the products, instead of only on
a sales perspective, on different perspectives. Thereby obtaining relevant information to classify the
products. In Figure 5.1 the general architecture is presented.

Figure 5.1: Architecture of MTO-MTS partitioning decision framework
First, lead time (LT) is an important factor in a manufacturing context. Two types of lead time
can be distinguished: from the customer’s point of view, the customer delivery time (DLT), and the
manufacturer’s point of view, the production lead time (PLT) (Christopher, 2016). The DLT is the time
taken from the moment the customer’s receipt is accepted, up and until the delivery moment. The PLT
is the time it takes for the manufacturer to procure, manufacture, and deliver the finished product to
a customer. The time between these two lead times is called the lead-time gap, where generally the
DLT is much larger than the PLT. In Figure 5.2, a visual representation of the introduced concepts
is presented. For service requirements, it is important to know what the maximum period is that a
customer is prepared to wait, the customers order cycle (COC). Coming back to production strategies,
for products where the COC, i.e. the maximum allowed DLT, is shorter than the PLT, an MTO strategy
is not feasible. Hence, the production to delivery LT (P/D) ratio is larger than one. For products where
this ratio is equal to or smaller than one, both an MTO and MTS strategy is possible.
Subsequently, as for these products either strategy is feasible, producing to stock may yield economies
of scale. Given this perspective, a demand analysis is performed. For this purpose a classical ABC
analysis can be used, however it does not incorporate demand variability aspects of the different products.
Therefore, due to its simplicity, another method is chosen. Based on and used in similar research by
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Figure 5.2: Visualisation of lead time concepts

D’Alessandro and Baveja (2000), Soman et al. (2007)), and Olhager (2003), this analysis incorporates the
concept of relative demand volatility (RDV). The RDV is defined as the coefficient of variation (CoV):
the ratio between the standard deviation of demand and average demand. Subsequently, a demand
variability analysis (DVA) is followed, which will be explained in more detail later. Following this,
products can be categorised into four distinct groups based on demand volume and variability. Products
considered as low volume, high variability should be produced to order, while on the other end high
volume, low variability products are preferably MTS. Specific conclusions on the intermediate groups
cannot be directly made, therefore more detailed economic considerations are required.
The successive step is a detailed cost analysis. For each product, the cost of producing on stock or on
order are calculated and compared. This is implemented by consulting a general cost model by Magee
and Boodman (1967), to simplify the problem multiple assumptions are made, addressed later in this
chapter. Given the cost outcomes, the products are classified MTO or MTS. For the polar groups, the
cost analysis can be used as a validation. For the remaining groups, as a decision tool.
After sequentially passing all three levels, an initial partitioning is obtained. Yet, the previous steps
neglected capacity considerations. Therefore, the last level is aimed at checking capacity by means of a
rough-cut capacity check. The capacity requirements of the MTO-MTS partitioning solution are checked,
and justifiable adjustments are made when necessary.
Altogether, the decision framework delivers several different reports. The main report specifies the
MTO-MTS partitioning per product, accompanied with the justification of the decision based on service
level requirements, demand analysis, and cost considerations. Besides, a demand analysis of products is
obtained, rendering insights in the characteristics of the product. Moreover, a comprehensive cost report
is available from which insights and important trade-offs in the cost structure can be obtained.

5.2

Unit of analysis

Before discussing the different analyses in more detail, and defining the required data, the unit of analysis
needs to be determined. As discussed in section 4.1, products are produced at TOT level, but sold at
SKU level: a product packed in a specific packaging form. In theory, the partitioning can be performed
on either granularity level, however the practical context needs to be considered. First of all, placement
of the CODPs in the supply chain need to be reviewed. This information is important for choosing
the unit of analysis. Looking at the supply chain at hand, see Figure 2.2, three theoretically possible
CODPs can be distinguished. Note, only CODPs after the resin plant are considered, as this is the most
upstream CODP possible given the scope. CODP 1 is located after the resin plant, but before the LXF
plant. CODP 2 is located after LXF production, but before the packaging center. Last, CODP 3 is
located after the packaging center. As discussed in section 2.2, no intermediate storage is available after
LXF production. Therefore, CODP 2 is not feasible, as no buffer in inventory can be located at that
point. As a result, two feasible CODPs remain: one located fully downstream, the other one before the
LXF plant. It is important to understand that the MTO-MTS partitioning prescribes at what point the
CODP is located for that product. For MTS items, the CODP is at the downstream point, at the SKU
warehouse, on the SKU granularity level. For MTO items, this point is located more upstream, before
the LXF plant. Hence, the partitioning should render a classification per SKU, thus SKU is the preferred
unit of analysis. Yet, to decrease complexity an option would be to give all SKUs belonging to one TOT,
the same production strategy based on a MTO-MTS classification on TOT level. However, as discussed
in section 4.1, products vary a lot in terms of demand characteristics. Therefore, an overall strategy
per TOT is deemed inappropriate, as this can lead to unnecessary inventory costs and aging of stock
(for abundant MTS classifications). In addition, as the SKUs packaging format is the only distinctive
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characteristic, repacking could be considered. This way, only one (or possibly more) SKUs in one TOT
could be stocked. The remaining SKUs, who individually would not be considered MTS, could also follow
an MTS strategy, while no actual inventory is required, but demand is fulfilled by repacking. However,
repacking activities are extremely costly, and therefore such strategy is also regarded as inappropriate.
Concluding, the only logical option is to perform the MTO-MTS partitioning at SKU level.

5.3

Service considerations

In this section, the first level of the partitioning and the required types of data will be discussed in more
detail. As previously discussed, the P/D ratio makes a first distinction between MTO and MTS items
based on service requirements. The production lead time (PLT) considered here is between the resin
inventory stock point, the CODP of MTO items, and the SKU warehouse, the CODP of the MTS items.
To obtain this P/D ratio per SKU, information regarding the PLT and the maximum waiting period of
a costumer (COC) is required. For the production lead times, master data can be consulted. However,
the COC cannot be derived from data. All available sales data concerns orders who are accepted by the
customer, i.e. they agreed to the delivery date. Therefore, there is no tangible data about what the
COC is for these items. Market benchmarks about market conform lead times (COC estimations) are
performed by some authorities, for example the APQC (APQC, nd). However, these are not publicly
available, and can unfortunately not be used in this project. Apart from this, transport also makes it
complex to estimate the COC. As the customers of these products are located worldwide, huge differences
in transport lead times are evident, and the corresponding customer lead times are effected. As a result,
no general COC can be defined which is applicable for all customers. Hence, here it is assumed that
adequate research has been performed by the case company about the COC in setting these customer
lead times (CLT). So, the CLT as currently offered to the customer is equal to (or shorter than) the
COC, the maximum waiting period of a customer, applicable for this market.
Looking at the PLT and CLT, it is known that the offered CLT is based on the PLT plus the time for
additional activities (section 2.3.2) to ensure that enough time is available. Thus, as almost all products
have a PLT of four weeks, the corresponding CLT is four weeks plus the time for the additional activities.
Master data confirms that the average PLT is indeed 27.6 weeks. Note that this is true for all products
irrespective of the production strategy. Based on this, it can be concluded that the PLT is always equal
to the offered CLT, i.e. a P/D ratio approximately equal to one. Yet, expert knowledge is consulted for
exceptions, especially for products with a longer PLT.
In addition to these service constraints, supplementary constraints need to be checked on this level.
In literature, it is assumed all packaging sizes can be stored, however this is not necessarily the case. As
a result, this level is extended to incorporate storage constraints in terms of capabilities (not capacity
wise). Relevant information is obtained from expert knowledge.

5.4

Demand analysis

Subsequently, a demand analysis in the form of a DVA is performed. The model, also known as quadrant
analysis, is developed to analyze demand variability suggesting a segmentation of products into homogeneous groups. The DVA incorporates different axes compared to the demand pattern segmentation
of Syntetos et al. (2005) in section 4.2. As stated before, similar research by D’Alessandro and Baveja
(2000), Soman et al. (2007), Olhager (2003), and Akkerman and Van Donk (2008) is followed in which
the following axes are suggested. On the x-axis the average demand per period is presented, whereas the
y-axis represents the demand variability measured by the CoV. As the CoV scales the standard deviation
of demand by the average demand, products with vastly different demand volumes can be compared to
each other. CoV values do not have an intrinsic meaning. Yet, the demand of products with a CoV of
0.3 is less variable (and therefore more predictable), than products with a CoV of 0.8. After plotting the
individual SKUs on the axis, a cut-off value for each dimension will segment the SKUs. Four quadrants
are formed: (A) Low volume, high variability, (B) High volume, high variability, (C) Low volume, low
variability, (D) High volume, low variability. SKUs in the high volume, low variability quadrant, are
candidates for MTS production. On the other hand, SKUs in the low volume segment with an unstable
demand pattern, quadrant D, are typically MTO products. SKUs in the high volume, high variability
may be produced on an MTS basis. However, to capture the increased variability higher safety stock
levels are required (Van Donk et al., 2005). Lastly, low variability products with a relatively low volume
are rather undefined in their preferred production strategy. An MTO strategy can lead to an unnecessary
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number of production orders and thus setups, while the MTS strategy can lead to high inventory costs.
SKUs in the latter two segments will be evaluated later on their respective strategy with the help of cost
considerations. Overall, the consulted data source is master sales data. For the implementation, the
analysis is easily carried out in Microsoft Excel.
The most important part of this level is the determination of the cut-off values, as this will have a
large impact on the outcomes. The cut-off value for the average demand dimension will be based on
master sales data in combination with master production data. It is important to obtain insights in
the extremes such that a cut-off can be placed somewhere in between. In addition, consultation with
sales and manufacturing representatives is required to include their perspectives. For the cut-off value of
the CoV, a different approach is used. Following D’Alessandro and Baveja (2000), partitioning between
low- and high-variability is based on the Pareto principle. In a lot of academic and practice literature,
the 80/20 approach is suggested and used as an effective method to segregate products (Juran, 1988;
Thor, 1994). Also, the ABC analysis, a well-known and widely employed technique in organizations, is
based on this Pareto principle (Flores and Whybark, 1986; Ramanathan, 2006). Based on this approach,
the lower 20% of the CoV range will be segregated from the upper 80%, since a lower CoV entails less
variability. However, the derived segregation should be validated on whether it makes sense, and the
resulting segments indeed can be identified as low and high variable.

5.5

Economic considerations

In this step, a detailed cost analysis is performed. For each SKU, the costs for producing to stock or on
order are calculated. This information is subsequently used for the classification to one of the production
strategies. For quadrants B and C, this serves the purpose of a decision aid/tool, while it is validation
of the previous step for the other quadrants, A and D. As introduced previously, the cost model is based
on a model by Magee and Boodman (1967). However, both this model and the model proposed by
Soman et al. (2004), do not incorporate all important aspects of the problem context. Therefore, several
adaptations and additions are proposed. Hereafter, the model with all assumptions and required data is
introduced:
• A yearly total of N orders are received from the customer with an expected annual demand for the
SKU of D kg/year.
• Depending on the item, the production rate is P units per time unit and the average setup time is
S time units. Initially, no capacity restrictions are imposed, these are added in another level.
• The costs of setup are A euros/order for a certain item, and depend on the corresponding setup
time S.
• Machine usage costs are P C euros/time unit.
• An MTS item is ordered in economic order quantities Q. In literature, no constraints on the Q
are assumed. However, this will be relaxed and both minimum and maximum production/order
quantities will be incorporated.
• Costs for producing to order are CM T O euros/kg, if an SKU is stocked it costs CM T S euros/kg.
An underlying assumption is that the expected order size is D/N units for MTO items, for MTS
items this is Q units.
• The possibility of combining MTO orders into one production order is in literature not assumed.
However, this will be adapted and assumed in this design given the current planning procedures.
• Holding costs amount to h euros per unit per year.
• The service level provided is high enough such that backorder cost can be neglected.
All data concerning demand can be obtained from master sales data. The different cost components:
setup, holding, and production can be obtained from the responsible departments. For the setup times,
a more in-depth analysis is needed as sequence-dependency is one of the main aspects in production.
To obtain an average setup time per SKU, more detailed information is needed from the manufacturing
department concerning scheduling practices. Relevant production context information will be introduced
in an upcoming chapter, Chapter 7, as this chapter focuses on production planning. Hence, the estimation
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of setup times is discussed in the case study, Chapter 8. For the minimum and maximum production
quantities expert knowledge in the manufacturing department is consulted. These boundaries can be
caused by technological constraints, or imposed by managerial decisions. In case the Q is lower than the
minimum order quantity (MinOQ), the best allowed alternative is the MinOQ (Silver et al., 1998), see
Appendix C for the proof. When the EOQ is larger than the maximum production quantity (MaxOQ),
the best feasible option is to use that maximum quantity, see Appendix C for the proof. Hence, the
following general formula for the feasible order quantity, Q∗f s :
Q∗f s = max(M inOQ, min[M axOQ, Q∗ ])

(5.1)

where M axOQ > M inOQ, M axOQ > 0, and M inOQ > 0.
The following formulas are used for the cost estimations per SKU for each production strategy. First,
MTO is discussed, thereafter MTS.
The average total processing time, T P TM T O for each order is equal to:
T P TM T O = S +

D
(N · P )

(5.2)

To determine the production cost per unit, CM T O , the setup time S is subtracted from the average
processing time, as only the production costs are considered (otherwise setups are taken into account
twice). This deviates from literature, where a slightly different cost structure is used for the production
and setup cost. Hence, CM T O is given by:
CM T O =

T P TM T O − S
· PC
D/N

(5.3)

The total annual cost, T CM T O , can be calculated by the sum of ordering cost and production cost:
T CM T O = N · A + D · CM T O

(5.4)

For an MTS item, the average total processing time, T P TM T S , for each production batch is:
T P TM T S = S +

Q
P

(5.5)

Subsequently, the production cost per unit, CM T S , is calculated by:
CM T S =

T P TM T S − S
· PC
Q

(5.6)

The expected total annual costs, T CM T O , is then given by:
T CM T S =

D
Q
· A + [ + SS] · h + D · CM T S
Q
2

(5.7)

To determine the Q, the economic order quantity (EOQ) is calculated. The EOQ formula is (Nahmias
and Olsen, 2015):
r
2KD
∗
Q =
(5.8)
h
Where K is the setup cost per positive order placed, D is the demand rate per unit time, and h is the
holding cost per unit held per unit time.
In literature, the model proposes to calculate the safety stock, SS by multiplying the standard
deviation of the demand during the lead time, σL , with a safety factor k: SS = K ·σL . Literature thereby
√
assumes that demand during the lead time is Poisson distributed for slow movers, and thus σL = x̂L ,
where x̂L is the average demand during the lead time (Silver et al., 1998). For low variability products,
i.e. fast moving items, literature assumes demand during the lead time to be normally distributed.
However, as found in section 4.2, the demand patterns of almost products are lumpy or intermittent.
The average IAT is 6.2 weeks with a σ of 4.65 weeks, the minimum and maximum IAT are 1 and 24 weeks
respectively. This already indicates there are a lot of weeks with zero demand, therefore the Normal and
Poisson distribution assumptions are not likely to hold. Hence, more extensive fitting procedures are
required, which will be conducted in Chapter 6.
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5.6

Capacity considerations

The last step of the sequential procedure is to introduce capacity constraints. Sufficient capacity should
be available to produce the initial MTO-MTS partitioning solution. Therefore, a production capacity
check is performed in the form of a rough-cut capacity check. The following expressions are used,
calculating the required annual capacity for an MTS or MTO item, XM T S and XM T O respectively:
D
Q

(5.9)

XM T O = T P TM T O · N

(5.10)

XM T S = T P TM T S ·

The total required capacity is obtained by:
X
[XM T O (p) · yp + XM T S (p) · zp ]

(5.11)

p∈P

yp + zp = 1,

∀p ∈ P

where,
P
y ∈ {0, 1}
z ∈ {0, 1}

set of SKUs;
=1 if a product is classified as MTO; 0 otherwise;
=1 if a product is classified as MTS; 0 otherwise.

To obtain the available capacity, an estimation is made based on the production context. Important
aspects to incorporate are number of machines, working days, working hours, planned maintenance,
occupation of capacity by out-of-scope production, etc. If capacity is insufficient, the production strategy
of the item with the least cost increase is switched from MTO to MTS. In an iterative way, capacity is
checked once again and another item is changed if capacity is not sufficient.
Apart from production capacity, in literature the model does not include another capacity check.
In similar literature about MTO-MTS partitioning, warehouse capacity is not explicitly considered.
However, it is of importance to check whether the inventory resulting from the partitioning fits into the
according warehouse(s). The warehouse capacity can be expressed in total kilograms, or when products
are palletized, capacity can be expressed in pallet places. In that case, the SKUs, and more specific the
packaging sort, needs to be converted to pallet places. The following general formula can be proposed
for the average required warehouse capacity of all MTS products:
X  [(Rp /2) · µp + SSp ] 
· xp ≤ W Hcap
(5.12)
λp
p∈P

where,
P
Rp
µp
SSp
W Hcap
x ∈ {0, 1}
λp

set of SKUs;
review period of product p;
average demand per time unit of product p;
safety stock of product p;
total capacity of the warehouse(s);
=1, if a product is classified as MTS; =0, if a product is classified as MTO;
factor for converting quantities of product p into unit loads, e.g. pallets.

Equation (5.12) assumes that all MTS products receive their replenishments spread over time. The
required capacity can be approximated by summing the average inventory level of the MTS items, which
is equal to the demand during the review period, R, divided by 2 plus the SS. The determined capacity
requirement should be less than or equal to the total available capacity of the warehouse(s).
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Chapter 6

Inventory control
After presenting the framework to decide on production strategies, this chapter discusses the activities
concerning the design of the inventory control system. Similar to the MTO-MTS partitioning, the design
of the inventory control system is on the tactical level. Yet, it effects the operational activities on a daily
basis. First, previously introduced inventory control systems are reviewed on their applicability given
the company and the problem context. Thereafter, methods for setting reorder levels are discussed,
and the corresponding demand modelling procedure is explained. Both these subjects are also essential
requirements for the decision framework as introduced in Chapter 5.

6.1

Decision of an applicable control system

For the design of the inventory model of the case company, it is necessary to choose an applicable
model. This decision is based on the problem context, and on observations obtained from discussions
with relevant stakeholders. Interviews with master planners are conducted as they are responsible for
replenishment orders. Information is obtained concerning the inventory control activities. In addition,
discussions are carried out with the manufacturing department, as they are responsible for producing
the replenishment orders. From the perspective of the master planners, the following reflections on the
working process can be made:
• On a daily basis, there is no time to look at the whole product portfolio of LXF, as there are simply
too many SKUs;
• No systematic work process is in place managing the ordering of replenishment orders.
From the manufacturing perspective, the following observations are made:
• As will be discussed in more detail in the next chapter, Chapter 7, production planning is organized
around production ’campaigns’ of products with the same resin, called blocks. These blocks do not
occur equally over the planning horizon. As a result, production for specific products cannot be
planned at all moments, but is depending on capacity availability for the according block;
• As changeovers have a large impact on the flow of the process, and unnecessary changeovers lead
to unnecessary capacity loss, efficient batching is beneficial in terms of capacity and costs.
Given these observations, the following conclusions can be drawn. Due to the campaigns in the production
planning, there is no incentive to review inventory continuously. In addition, from the master planners
perspective, there is no time to review and react to reorder levels at any moment. Hence, a periodic
review system shows to be more fitting to the context. Furthermore, given the large impact of setups, it
is beneficial to exploit economies of scale, e.g. efficient batching. Therefore, a fixed base replenishment
quantity is chosen. Summarizing, a periodic review in combination with a fixed replenishment quantity
leads to an (R, s, nQ) system. The replenishment logic is as follows. If at a review moment the IP is
below the reorder level s then n times Q units are ordered with n the minimum integer which is needed
to bring the IP after ordering back to or above reorder level s (Donselaar and Broekmeulen, 2014).

6.2

Setting reorder levels

As discussed in section 3.3.3, reorder levels can be set assuming a stationary or non-stationary environment. Hence, contextual considerations of the case company need to be incorporated. As discussed in
section 4.2.2, a large majority of the products follow a stationary demand pattern, which will be analyzed
in section 8.1.3 into more detail. Moreover, demand forecasting increases the variance if applied to a
stationary demand process (Nahmias and Olsen, 2015), this effect is increased for larger lead times and
review periods. Hence, making use of forecasts for stationary items is not recommended. Moreover, the
case company makes no use of forecasts on SKU level, as this is too detailed and given the workload
impossible to define. As a result, stationary demand will be assumed. As discussed in section 3.3.4, the
DoBr-tool can subsequently be used to determine the reorder levels.
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Figure 6.1: Histogram of products concerning number of zero-demand weeks out of 52 weeks

6.3

Demand modelling

To calculate the reorder levels, a probability distribution function should be determined such that it
represents the demand in a correct way. In general, the probability distribution function is approximated
by fitting a theoretical probability distribution on the mean and standard deviation of the demand.
Theoretically, a wide range of demand distributions can used, but a correct representation of the demand
is important. Hence, this section will explain the choice of the demand distribution.
Considering that demand during the lead time of the products has a very high mean, in the order of
10/100 thousands, a continuous demand distribution is preferred. In general literature, either a Normal
or Gamma distribution are assumed. As discussed in section 4.2, the demand patterns of the products
are characterized by high interarrival times and large number of zero demand weeks. To get an idea of
how severe the zero demand weeks are reflected in the data, a histogram of the products is presented, see
Figure 6.1. It can be found that the vast majority of the products has more weeks with zero demand than
weeks with non-zero demand. A continuous demand distribution is not able to capture this effect. Yet, a
Compound Poisson process is able to capture this as both arrival process and order sizes are modelled by
an individual demand distribution. In general, the order arrivals are modelled using a Poisson process.
Inherently the interarrivals are exponentially distributed, and thus have a CoV of approximately 1 (as
the mean and standard deviation are equal). As almost all products have a CoV much lower than one,
a Poisson arrival process is not very likely. This is confirmed by a more extensive testing procedure,
using the Kolmogorov-Smirnov goodness-of-fit test to validate if the interarrival times are exponentially
distributed. Results show that for 95.9% of the products, the null hypothesis, stating that the interarrvial
times are exponentially distributed, is rejected.
Alternatively, an empirical distribution can be used. Due to the limited number of non-zero demand
points for most of the products, bootstrapping is applied to increase the number of data points. A
bootstrapping method, proposed by Willemain et al. (2004) and especially designed for intermittent (or
irregular) demand, is used. This approach captures auto correlation in the demand sequence by modelling
a two-state, first order Markov process producing a sequence of zero and non-zero values. Thereafter,
non-zero values are replaced by a jittered (i.e. add some random variation) random non-zero demand
value. Jittering is applied as follows:
√
Xjittered = 1 + IN T {X ∗ + Z X ∗ },

if Xjittered ≤ 0, then Xjittered = X ∗

(6.1)

∗

where X is a historical non-zero demand value selected at random with replacement, and Z a standard
normal random deviate. Summarized, the following steps are performed for each SKU:
1.
2.
3.
4.

Obtain historical demand data in weekly time buckets.
Model a two-state (zero vs. non-zero) Markov model using estimated transition probabilities.
Produce a Markov chain of 1,000,000 zero/non-zero states conditional on the last observed state.
Replace the non-zero states with a random value with replacement from the set of observed non-zero
demands.
5. Apply jittering, Equation 6.1, to the non-zero demand values.
6. Calculate the empirical distribution based on the resulting chain of zero and non-zero demand
values.
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Chapter 7

Production planning
In this chapter, a production planning model is presented integrating a block planning concept based
on the study of Bilgen and Günther (2010). Yet, multiple adaptations and additions are made to fit
the model to the current context, and extending current literature. Contrary to the first part of this
project, the design and usage of this model is on the operational level. First, the applicability of the
block planning concept to the context is discussed and important concepts are introduced. Afterwards,
the mathematical formulation of the mixed-integer linear program (MILP) is presented with additional
explanation.

7.1

Applicability of the model

The block planning approach, see section 3.1.3, is based on the grouping of products into product
families based on the dependency of their setups or other characteristics. Correspondingly, as there
often exists a natural sequence in producing a set of products in the process industry, a fixed sequence
can be determined. Such a product family with a fixed sequence can be defined and scheduled as
one ’block’. As discussed in Chapter 4, the products are characterized and can be clustered based on
their main raw material, the resin. In addition, one of the main process characteristics is the limited
intermediate storage for the raw materials (section 2.3). As a result, coordination of the production
between the resin plant and LXF is very important. When the resin plant is producing certain kind of
raw materials, the LXF production should be aligned to that to be able to process it directly. Hence,
grouping of products with similar requirements of raw materials into one block is given these production
constraints an efficient approach. The planning of the blocks can then relatively easy be aligned to the
raw material input, which in general has a fixed production wheel. Based on the raw materials and
product characteristics, the following product families, i.e. type of blocks, are proposed in consultation
with the manufacturing department: 198 (resin 198), HP (Healthcare Products, resin 125), HQ (higher
quality resins), Transparent (multiple resins), Rest (105 and 175 resin), and Special (line 91 products).
The first three blocks, 198, HP, and HQ, are blocks which in many cases have to be aligned to the resin
production. The Rest block is the largest block covering the largest part of the product portfolio. Last,
the Transparent block which is composed of products with different resin requirements. Compared to
the other blocks, who have mostly a natural color (not much additives), these products have alternative
colors, e.g. grey, red. Hence, due to contamination risks, these products were combined.

7.2

Design of important concepts

Originally, the model proposed by Bilgen and Günther (2010) incorporates only one type of block. Recall,
a block is a set of products with a fixed production sequence. Subsequently, that block is assigned to
multiple lines and to macro-periods of one week, i.e. blocks with a length of one week are planned in
sequence at each of the production lines. The total planning horizon consists out of multiple of these
macro-periods. In addition, the planning horizon is further divided into smaller time-units called microperiods, representing days. Both micro- and macro-periods are both represented on the same continuous
time scale. In this research, the same structure is followed in general, but the number of block types
and length and timing of blocks is relaxed, thereby extending current literature. First of all, multiple
different types of blocks are proposed. Also, the length of the blocks can vary per individual block,
including blocks of the same type, and blocks are not bounded to represent an integer number of days.
As a result, there is no fixed length of a macro-period. The length of the macro-periods and thus the
blocks is considered as an input variable, and is based on a predefined planning by the manufacturing
department. This predefined planning is drawn up on the basis of the resin production planning, i.e. raw
material availability, and is provided by experts. So, for a given planning horizon, the (length of the)
macro-periods and corresponding blocks can be directly derived from the manufacturing input planning,
and can be seen as fixed.
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The next important concept is the fixed sequence within a block. As will be discussed in Chapter 8,
there is no detailed information available concerning changeovers. Multiple interviews with experts of
the manufacturing department are conducted to obtain all information. In co-operation with scheduling
experts, a fixed sequence within a block is determined, such that overall changeovers are minimized and
contamination risks mitigated. Considering a planning horizon of multiple blocks, products (production
lots) on a production line are consecutively numbered based on the fixed sequences within each block,
rendering k lots. In other words, if twenty products can be produced on a line within a horizon, these
products are consecutively numbered one to twenty given the sequence of the blocks and fixed sequences
within blocks. All to be defined constraints which refer to the time phasing of production activities
address a production lot, irrespective of the individual product produced.

7.3

Mathematical formulation - Given block sequence

In this section, the notation of the mathematical formulation of the MILP model is given. Note, some
notation originates from Bilgen and Günther (2010). However, that model incorporates a subsequent
transportation model, and thus multiple adaptations are made. Moreover, several extensions compared
to current literature, i.e. backorder allowance, are included which will be indicated accordingly.
Indices and sets
l∈L
t ∈ Tl
τ ∈D
j∈J
p∈P
k ∈ Kl
k ∈ Klt
k ∈ Kpl
l ∈ Lp
first(lt)
τ ∈ Dkl

Production lines
Macro-periods (t = 1, 2, . . . , |Tl |) on production line l
Micro-periods (τ = 1, 2, . . . , |D|)
Product families
Products
Consecutive number of production lots on line l
Production lots on line l scheduled in block t
Production lots which produce product p on line l
Lines which produce product p
First production lot of block t on line l

Time window for the completion of production lot k on line l τ = dkl , . . . , d¯kl
measured in micro-periods (days) with dkl indicating the number of micro-periods
in the time window

The above introduced indices are self explaining. Note that the definition of the macro-periods is adapted such that it is depending on the production line, as the number of macro-periods can vary between
production lines. In addition, an extra set, J, is added to represent the different types of blocks: the
product families.
Parameters
akl
skl
Slt
M axkl
M inkl
αlt
γlt
Epτ
|Ep+ |
φ
βjlt ∈ 0, 1
rod
cP
l
SM ajor
cl
inor
cSM
l
Inv
cp

Unit production time (in hours) for production lot k on line l
Minor setup time (in hours) for production lot k on line l
Major setup time (in hours) for block t on line l
Maximum size of production lot k on line l
Minimum size of production lot k on line l
Earliest start-off time of block t on line l expressed on the daily time scale
End of block t on line l expressed on the daily time scale
External demand of product p on day τ
Number of days, i.e. orders, with external demand for product p over D
Fraction of orders which is allowed to be backordered
= 1, if product family j is assigned to block t on line l
Operating cost per time unit on line l
Major setup cost per time unit on line l
Minor setup cost per time unit on line l
Inventory holding cost per unit of product p per day at the warehouse

In this part, all relevant parameters are introduced. The unit production time, minor and major setup
time, are defined based on the input block sequence and corresponding numbered lot sizes k. The earli30
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est start-off time, αlt , is the earliest time a block is allowed to start, and is also based on the input
block planning. The same goes for the latest time a block is allowed to finish, γlt . Moreover, a new
parameter, βjlt , is added defining which product family is assigned to which block t of line l. Also,
an extra minimum lot size parameter is added. Summarized, the major setup time, minimum lot size,
end-time, family-block assignment, external demand and all four cost parameters are either added or
adapted compared to current literature.
Decision variables
σlt ∈ {0, 1}
xkl ≥ 0
ykl ∈ {0, 1}
zklτ ∈ {0, 1}
spτ ∈ {0, 1}
αlt ≥ 0
Ωkl ≥ 0
δlt ≥ 0
qklτ ≥ 0
Fpτ ≥ 0
Bpτ ≥ 0

=1, if block t is set up on line l (0, otherwise)
Size of production lot k produced on line l
=1, if production lot k is set up on line l (0, otherwise)
=1, if production lot k has been finished up to day τ on line l (0, otherwise)
=1 if external demand plus back orders of product p on day τ is not met (0, otherwise)
Start time of block t on line l
End time of production lot k on line l
Duration of block t on line l
Output from production lot k on line l on day τ
Inventory level of product p at the end of day τ
Backorder level of product p at the end of day τ

All decision variables are self explaining. To allow for back ordering, an extra decision variable, Bpτ , is
added, which defines the backorder level of a specific product on a specific day.
Constraints
Setup constraint: blocks
σlt ≤

X

βjlt

∀j ∈ J, l ∈ L, t ∈ Tl

(7.1)

j∈J

X

ykl ≤ σlt · |Klt |

∀l ∈ L, t ∈ Tl

(7.2)

k∈Klt

Constraint (7.1) ensures that a block can only be setup if a product family is assigned to that specific
block. Note that only one product family can be assigned to each block. Constraint (7.2) ensures that
setup variables ykl for production lots on a production line are only allowed to take positive values if the
corresponding block is set up.
Setup constraint: production lots
xkl ≤ M axkl · ykl

∀l ∈ L, k ∈ Kl

(7.3)

xkl ≥ M inkl · ykl

∀l ∈ L, k ∈ Kl

(7.4)

Constraints (7.3) and (7.4) enforce the production lot sizes to be equal to zero if the lot is not setup.
Contrary, if the product is setup, they directly apply the minimum and maximum bounds to the production lot size.
Duration of a block
δlt = Slt · σlt +

X

skl · ykl +

k∈Klt

X

akl · xkl

∀l ∈ L, t ∈ Tl

(7.5)

k∈Klt

The duration of a block, constraint (7.5), is composed out of the major setup time, sum of minor setup
times of the scheduled production lots, and the total production time of these production lots. If the
entire block is not executed, δlt is equal to zero.
Start time of a block
αlt ≥ αlt

∀l ∈ L, t ∈ Tl

(7.6)

The allowed start time of a block, constraint (7.6), is bounded by the defined earliest start-off day. This
is not a hard constraint, but serves the purpose as a lower bound for the variables αlt .
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Succession of blocks
αlt ≥ αl,t−1 + δl,t−1

∀l ∈ L, t = 2, . . . , |Tl | with αl1 ≥ 0

(7.7)

Constraint (7.7) enforces the succession of blocks, a block is only allowed to finish of the predecessor has
been completed.
Block completion constraints
αlt + δlt ≤ γlt

∀l ∈ L, t ∈ Tl

(7.8)

The block planning concept assigns one block to a specific macro-period. Constraint (7.8) ensures that
each block is finished on its respective production line before the end of its assigned macro-period, i.e.
before the end of day γlt . Compared to current literature, macro-periods can vary in length and timing.
End time of production lots
Ωfirst (lt) = αlt + sfirst(lt) · yfirst(lt) + afirst(lt) · xfirst(lt)
Ωkl = Ωk−1,l + skl · ykl + akl · xkl

∀l ∈ L, t ∈ Tl

(7.9)

∀l ∈ L, k ∈ Klt \(first(lt), t ∈ Tl )

(7.10)

The constraint concerning the end-time of production lots is divided between an equation for the first
lots in each block on each production line, and an equation for the remaining production lots. Constraint
(7.9), concerning the first lots, calculates the end-time of the production lot by using the corresponding
start point of the block, αlt , as the starting reference point. For the other production lots, constraint
(7.10), the starting reference point is based on the end-point of the immediate predecessor lot. In both
cases, the end time of the according production lot is calculated by the necessary minor setup time and
production times. Note that the major setup time (e.g. cleaning) occurs at the end of the whole block.
Heaviside function
LBklτ ≤ zklτ ≤ U Bklτ

∀l ∈ L, k ∈ Kl , τ ∈ Dkl

(7.11)

τ − Ωkl
τ − Ωkl
and U Bklτ = 1 +
dkl
dkl
To be able to assign demand elements to daily delivery periods, the completion of production lots need to
be tracked on a daily time scale. For this purpose, auxiliary decision variables are introduced, so-called
heaviside variables, zklτ . These variables indicate on which day τ production lot k of production line l
has been finished and becomes available. Constraint (7.11) ensures that the days prior to finishing the
production lot are forced to zero, while the production completion day and successive days are equal to
one.
with LBklτ =

Available daily production output
qklτ ≤ Mkl · zklτ
qklτ ≤ Mkl · (zklτ − zkl,τ −1 )

∀l ∈ L, k ∈ Kl , τ = dkl
∀l ∈ L, k ∈ Kl , τ ∈ Dkl \dkl

(7.12)
(7.13)

Following the heaviside function, constraint (7.11), the completion of a production lot k is indicated by
a switch from zero to one of the heaviside variables, zklτ . Only at the day the heaviside variable switches
from zero to one, production output for production lot k produced on line l can become available, and
variable qklτ can take a positive value. In any other case, the output is enforced to zero. Constraint
(7.12) is introduced for the first day in the time window of production lot k on line l. Constraint (7.13)
considers the remaining days.
X
qklτ = xkl
∀l ∈ L, k ∈ Kl
(7.14)
τ ∈Dkl

Constraint (7.14) enforces the assignment of the production lot size, xkl , to one of the daily output
quantities. Moreover, this ensures that exactly one daily output quantity qklτ equals the size of the
production lot size within the feasible time window Dkl .
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Inventory balances
Fpτ − Bpτ = Fp,τ −1 − Bp,τ −1 +

X X

qklτ − Epτ

(7.15)

l∈Lip k∈Kpl

∀p ∈ P, τ ∈ D, with Fp0 , Bp0 = given
Due to variability in the number and size of production orders, capacity utilization can somewhat vary
over time. Hence, at peak demand moments, capacity can be insufficient to meet all corresponding due
dates. The allowance of backorders overcomes this deficit, and ensures feasibility. Moreover, backlogging
of excessive demand is in line with many situations encountered in practice. Therefore, backorders are
added to the model, and extending current literature. Constraint (7.15) balances the in- and outflow of
each product p. The inventory or backorder level of product p at the end of day τ is determined based
on the ending inventory and backorder level of the previous day, completed production on that day, and
the external demand to be satisfied on the respective day. Note that a product can never have both
inventory and backorders, i.e. Fpτ and Bpτ cannot both be > 0 at the same day τ .
Service level constraints
Mbig · spτ ≥ Epτ + Bp,τ −1 −

X X

qklτ − Fp,τ −1

∀p ∈ P, τ ∈ D

(7.16)

l∈Lip k∈Kpl

Mbig · (1 − spτ ) ≥

X X

qklτ + Fp,τ −1 − Epτ − Bp,τ −1

∀p ∈ P, τ ∈ D

(7.17)

l∈Lip k∈Kpl

XX

spτ ≤

p∈P τ ∈D

X

|Ep+ | · φ

(7.18)

p∈P

To be able to ensure a certain service level of the model, and to prevent the model from back ordering all
demand, service level constraints newly formulated and introduced. Constraints (7.16) and (7.17) enforce
the demand fulfillment variable, spτ , to equal either zero or one by making use of the big M method.
Whenever the external demand plus back orders of the previous period is larger than the production
inflow, spτ is forced to equal one. The other way around, when the production inflow (plus inventory
of previous period) is larger than the external demand plus back orders, spτ is forced to zero. Hence,
production orders (i.e. external demand elements) which cannot be met at their predefined date render
a demand fulfillment variable, spτ , equal to one. As orders are fulfilled subsequently given their due
dates, upcoming orders cannot be met as long as previous orders are not fully met. Therefore, as long
as external demand plus back orders is larger than the production inflow, spτ remains enforced to equal
one. Constraint (7.18) ensures that the sum of the demand fulfillment variable, spτ , over all products
and micro-periods does not exceed a global predefined service level. The right-hand side of the constraint
is the upper bound on the number of orders, i.e. days with external demand, which are allowed to be
backordered. This definition is in line with the MEF service level as defined previously, section 2.3.2.
Late production orders deteriorate the MEF service level, which is measured as an event-oriented criterion (independent of the volume). On its turn, the MEF indirectly has an impact on the performance
of the overall supply chain service level DT1P of the case company.
Objective function
Minimize
X X

cProd
· akl · xkl +
kl

l∈L k∈Kl

XX
l∈L t∈Tl

cSMajor
· Slt · σlt +
lt

X X
l∈L k∈Kl

cSMinor
· skl · ykl +
kl

XX

cInv
p · Fpτ (7.19)

p∈P τ ∈D

The objective function, (7.19), minimizes the total cost consisting out of the production costs, the major
setup costs for each active block, the minor setup costs of the production lots, and the inventory holding
costs of the warehouses. Constraints (7.1) up and until (7.18) plus the objective function form the entire
optimization model. Compared to the model of Bilgen and Günther (2010), the following constraints
are newly formulated in this research and subsequently added: constraint (7.1), ensuring a block can
only be setup when a product family is assigned to it, constraint (7.4), which introduces line dependent
minimum production quantities, and constraint (7.15), incorporating the allowance for backorders. At
last, constraints (7.16) and (7.17), tracking late orders, and (7.18), which ensures that a predefined
service level is achieved, are newly formulated and added to the model. Other constraints are changed
on their variable notation to allow for different macro-periods. In the objective function, minor and
major setup time and cost variables are adapted to allow for block and production lot specific setups.
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Chapter 8

Case study
In this chapter, in a case study, the proposed MTO-MTS partitioning decision framework is applied to
the case company. Each level is discussed separately, clarifying all decisions. In addition, input data and
relevant problem context constraints are discussed, and all defined calculations conducted. Eventually,
an MTO-MTS classification is proposed for the SKUs substantiated by the different output reports.
Furthermore, inventory control system parameters are determined given the design of Chapter 6.

8.1

MTO-MTS partitioning

As found in Chapter 7, it is meaningful to cluster the products by raw material, resin in this case. From
a manufacturing perspective, it is more efficient to produce products with the same raw material as
much as possible together. In addition, the campaign production at the resin plant in combination with
the intermediate storage constraints, pushes the manufacturing department to produce certain product
families into ’campaigns’. As proposed in Chapter 7, production planning can be divided into such
’campaigns’, called blocks. For the calculations in the partitioning, such a production planning structure
is assumed, also considering the company is currently implementing such blocks in its planning system.

8.1.1

Service considerations

The first step is defining the lead times for the products
in each block. From interviews with the manufacturing
and sales department, the following information can be
Table 8.1: Production lead times per block
obtained. The lead times are set based on production caBlock
Lead time (weeks)
pacities, planning procedures, and managerial decisions.
198
4
The resulting lead times per block can be found in Table
HP
4
8.1. Note, these are the production lead times (PLT)
HQ
12
as used to calculate the total customer lead time, see
Transparent
4
section 2.3.2. In terms of production capacities, not all
Rest
4
products are produced with the same cycle time, i.e. the
Special
4
time between two runs of the same product, which in
general mainly determines the lead time (Fransoo and
Rutten, 1994). As a result, HQ items have a longer production, and thus customer, lead time as their production frequency is much lower. In addition, planning
and scheduling procedures are designed in such a way that the upcoming three weeks are fixed for scheduling activities and no additional production orders can be entered. Therefore, this is automatically the
lower bound on the lead time. However, to have some planning flexibility PLTs are set at four weeks.
Managerial decisions are the upper bound on the PLT as it is decided it may not exceed four weeks.
As discussed in section 5.3, it is assumed the COC is equal to the lead times offered to the customers.
Therefore, no SKUs will be excluded from an MTO strategy based on the lead times. However, there is
one exception. One product in the HQ block is labelled as customer critical, and also has a customer
lead time of four weeks. Hence, a MTS strategy is enforced.
Last, storage constraints in terms of capacity capabilities are checked. As discussed previously in
section 2.2.2, there are a total of seven packaging sizes. Five of them are packaged goods, the remaining
two are bulk types, which are directly loaded from the production line to the bulk wagon/container. All
five packaged goods can be stored in the warehouses (both internal as external). Storage of bulk items
takes place at a third-party logistics provider. However, the specific container/wagon containing the
product is linked to a specific region/carrier and thus customer. Hence, it has to be decided beforehand
which product orders should be assigned to which types of containers/wagons. As a result, an MTS
strategy is not feasible for bulk packed items, which are a total of 18 SKUs.
To summarize, one SKU is labelled as MTS due to taking lead time considerations into account. A
total of 18 SKUs are labelled as MTO due to storage capability constraints.
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8.1.2

Demand analysis

Production data
In total, 179 individual SKUs are considered for the natural color production lines. As the production
lines produce on a TOT granulation level, the 179 SKUs are aggregated to 117 TOT combinations. As
the year 2019 is considered as the most relevant and representative time period, production data of
the year 2019 is analysed. Data shows only 85 out of 117 TOTs are produced on one of the according
production lines in 2019. The remaining 32 TOTs are produced on other production lines, as more
lines are capable of producing the portfolio of the natural lines. However, both sales and production
of those 32 TOTs only add up to 2.45% of the total production volume of all incorporated products.
Thus, it only concerns products with really low volumes which have little impact. In addition, a part
of the total production of the 85 TOTs is also produced on other production lines in 2019. In total,
for all the 117 TOTs, 12,269 ton out of 148,488 ton is produced on other production lines, which comes
down to 8.3%. The decision to shift those production orders to other production lines is mainly based
on the lower production order size. Analysing the average batch size of products who are produced
(also) on other production lines shows indeed a large difference. For the natural color lines, the average
batch size is 194,040 kg, whereas the batch size for those products on the other lines is 48,113 kg, which
is a reduction of 75.2%. As the aim is to gather findings representative for production at the natural
color lines and the size and thus impact of this ’external’ production is limited, it is not included in the
analysis. All upcoming calculations only consider the TOTs and their corresponding production at the
natural production lines. In Table 8.2, some characteristics of the lines are presented.
Table 8.2: Characteristics of production lines
Production line

Avg. batch size (kg)

EX11
EX14
EX15
EX18
EX91
Weighted average

119,870
254,605
234,492
86,899
349,842
194,040

Avg. monthly # of
batches
54.5
37.5
39.7
30.6
22.1
36.9

Avg. production
speed (kg/h)
4,832
7,277
6,962
3,074
5,387
5,729

From Table 8.2, it can be found the production lines are non-identical given their production speeds.
Yet, as previously discussed, lines 11, 14, 15, 18 are identical given their production portfolio (with some
exceptions). Line 91 is non-identical as it is the only line which can produce a certain set of TOTs. From
a manufacturing perspective, the different production speeds of lines 11, 14, 15, 18 effect the batch sizes.
As lines 14 and 15 produce much faster on average, the largest production orders are planned on these
lines to reduce capacity losses due to changeovers. Smaller production orders are planned on the slower
production lines 11 and 18. Line 91 produces a smaller product portfolio, resulting in the largest average
batch size as it does not have to switch over as much as the other lines. This can also be observed from
the box plot of the batch sizes for each production line, see Appendix D. Lines 14 and 15 are roughly
equal, producing both small and large batch sizes, line 11 and 18 are mostly focused on producing small
batch sizes.
Partitioning between low- and high-volume
To define a cut-off value between low- and high-volume, an analysis is performed on what can be denoted
as an average volume level per SKU. An 80/20 approach as proposed for the other dimension is not
appropriate for this dimension. As the range of the average weekly demand is very wide, the top 20% of
the total range only covers one product. Hence, this approach is not appropriate.
Overall, production and sales volumes are very interrelated. The decision framework as proposed is
aimed at the production environment of the natural color lines. As some products are partly produced
on other production lines, the sales volume figures do not provide a general overview of the production at
these lines. Therefore, a manufacturing perspective is chosen, directing its focus on production data. As
the average batch size is 190,042.58 kg, and 0.16 batches are produced per TOT on a weekly basis, the
average weekly production per TOT is 30,818.53 kg. The same number is found when dividing the total
1
annual production by the number of TOTs, then reducing to a weekly level: 16,217,904
· 52
. However,
85
as the DVA is on SKU level, the cut-off value needs to be converted to the lower granulation level. In
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master production data, production orders of TOTs are not assigned to specific SKUs. Therefore, based
on assumptions an estimation is made, which will discussed first.
Reducing granulation level to SKU level
The granulation level has to be reduced from TOT level to the lower SKU level. To obtain an average
weekly production per SKU, the average number of SKUs per TOT is calculated. On average, the TOTs
that are produced on the natural lines consist out of 1.48 SKUs. The average weekly production per SKU
= 20, 823.33 kg. Concluding, SKUs with an average weekly sales above
is therefore equal to 30,818.53
1.48
this cut-off value are considered as high-volume. SKUs below this value are considered as low-volume.
Furthermore, manufacturing aims at maintaining a minimum batch size of 63,000 kg for all production
lines, 11 and 18. The cut-off value lies not far above this value, indicating most SKUs classified as lowvolume do not have enough monthly sales on average to fill one batch per month for their corresponding
TOT. Indeed, the average weekly sales for the products classified as low-volume is 3,884 kg, against a
weekly sales of 78,656 kg for the high-volume segment. This supports the partitioning between high- and
low-volume.
Partitioning between low- and high-variability
Following D’Alessandro and Baveja (2000), partitioning between low- and high-variability is based on
the Pareto principle. Demand variability is measured as the CoV, which is the standard deviation of
weekly demand divided by the weekly mean. In the master sales data, the CoV ranges from 0.41 to 7.28.
The lower 20% of the range is therefore bounded at a CoV of 1.78. SKUs with a CoV lower than 1.78
are classified as low-variability products, products above this cut-off value are high-variability products.
Further analysis shows that SKUs classified as low-variability have an average weekly sales of 78,129 kg.
As the lowest minimal batch size is 63,000 kg, in almost all cases at least one batch per week can be
produced. Also, the average IAT of these products is 1.84, indicating that on average bi-weekly an order
comes in. Moreover, in only 8.90% of all cases monthly demand was equal to 0. Therefore, from both a
manufacturing and sales perspective those products can be considered as predictable.
Quadrant analysis
Both the individual SKUs and the determined cut-off values can be plotted on a scatter plot as presented
in Figure 8.1. The x-axis represent the average weekly demand on a logarithmic scale and the y-axis the
CoV. A Poisson assumption for the weekly demand is indicated with the dotted line. It can be directly
observed that a Poisson assumption, which is used in much literature for slow movers, is obviously invalid.

Figure 8.1: Demand variability analysis
The least SKUs can be found in the low-volume, low-variability (3.7%) and high-volume, high variability quadrants (4.3%). Several SKUs can be found in the high-volume, low-variability quadrant (8.7%).
By far the most SKUs can be found in the low-volume, high-variability segment (83.3%). These products
are as expected characterised by a relatively low average weekly demand of 3,837 kg. Moreover, on average, they are only ordered 15.9 times per year and demand is observed in 4.7 weeks per year. This
explains to a huge extent their classification as high variability products. On the other hand, highvolume, low-variability products have a much larger average weekly demand of 82,313 kg, are ordered
231.2 times per year and demand is observed in 29.3 weeks per year. Although, having a rather high
36

Master Thesis

CHAPTER 8. CASE STUDY

weekly demand, the occurrence of demand is not extremely as there are still a lot of weeks with zero demand. Low-volume, low-variability products also have a relatively low average monthly demand of 6,734
kg. Lastly, the SKUs in the high-volume, high-variability quadrant have indeed a relatively high average
weekly demand of 38,823.8 kg. Moreover, demand is observed in only 15.5 weeks per year, reflecting
the high-variability. Yet, it can be remarked that it is likely that not only demand occurrence, but also
uncertainty in the magnitude of demand is causing the higher variability. Using the demand pattern
classification, section 4.2, it can indeed be observed that these products are either lumpy or intermittent.

8.1.3

Cost analysis

The following step is the comprehensive cost analysis as proposed in section 5.5. First, it is important
to consider the production context. As previously discussed, production planning will be organized
around blocks. Hence, the frequency and distribution of these blocks is of importance for the upcoming
calculations. To obtain all relevant planning and scheduling procedures, multiple discussions with the
manufacturing department have taken place. This leads to the following assumptions concerning the
production environment:
• The special block is exclusively planned on line 91, this is caused by technological constraints
of the production system. Consequently, the corresponding products only incorporate the cost
components of that line.
• The other blocks are planned on the remaining lines, 11, 14, 15, and 18. All of the corresponding
products are produced on all of the lines. Hence, the costs of these lines are evenly incorporated.
• Each block has its own frequency of appearance in the production planning. Blocks 198, Rest, and
Transparent are planned weekly, and thus corresponding products can be produced every week.
The HP block has on average a monthly frequency, meaning the products are produced once every
month. Products of the HQ block are produced once every twelve weeks, so approximately one
production moment per three months.
• There is sufficient capacity to produce all demand.
• The number of orders (N ) for a specific SKU is equal to the number of weeks with positive demands.
This implicates that requested demand within one week is consolidated into one production order.
From master production data, it is found that in only 1.87% of all weeks of all products, a product
is produced in more than 1 batch per week. Hence, as this percentage is very low, this can be
considered as a valid assumption.
• Changeover times are independent of the production line it is performed on. In other words, a
specific changeover takes the same amount of time at each production line. This assumption is
validated with expert knowledge.
Cost components
To obtain all cost components, all responsible departments are interviewed and relevant data and information is gathered. The applicable cost pillars will now be explained:
Production costs
Production costs, P C, are costs incurred when a machine is used for producing products: machine usage
costs. In this case, these costs are calculated based on the up-time of the machines, and the machine
tariffs. This machine hour tariff is stipulated in the financial records and incorporates labour costs,
maintenance costs, utility costs, and depreciation costs. These costs are divided relatively over the production lines by using the average throughput. This way, a production cost per kg for each production
line is obtained. Multiplying the cost per kg with the average production speed (kg/h) for that line,
renders the machine usage cost per hour.
Holding cost
The holding cost, h, also known as the inventory cost, can be defined by the sum of all the costs that
are proportional to the amount of physical inventory in stock at any point in time. In general, this cost
is composed out of several components, following Nahmias and Olsen (2015) some of these are: Cost
for providing the physical space to store the items, taxes and insurance, opportunity cost of alternative
investment (cost of capital).
At the case company, an internal and external warehouse are operational for storing the items. The
costs for each warehouse are therefore also different. Yet, products are stored in either warehouse and
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no specific division is used. As this cannot be obtained from master data, the assumption is made
that inventory is divided equally over the warehouses. This is reasonable given that the capacity of
both warehouses are roughly equal. Note that out-of-scope SKUs are also stored in these warehouses,
therefore it will be assumed that both warehouses remain operational, independent of the total inventory
volume of the SKUs in scope. The following costs are defined by the company:
• Handling cost internal warehouse (Hain ) of e42.24 per 1000 kg
• Storage cost external warehouse (Sex ) of e13.39 per 1000 kg per month
• Handling cost external warehouse (Haex ) of e76.10 per 1000 kg
No direct storage cost are charged for internal storage, as the whole building is property of the company
itself. However, in discussion with the company an extra cost component is charged for cost of capital,
and insurance. A 5% interest charge over the value of the product is imposed for products stored in
either warehouse. In addition, a kg of every SKU uses the same amount of space, and thus costs do not
depend on area or volume. As it is assumed stock is equally divided between the two warehouses, an
average of the internal and external handling costs is used. The holding cost, h, is given by:
hp =

(0.05 · cp ) + (Sex + 0.05 · cp )
,
2

∀p

(8.1)

where c is the product value. Moreover, it must be noted that handling cost are costs for entry, exit and
shuttling, and are costs incurred independent of the time an SKU is stored. This leads to the following
formula for the average inventory costs:
InvCostsp =

hp · E[IpOH ] (Hain + Haex )/2 · D̄p
+
,
1000
1000

∀p

(8.2)

where D̄ is the average demand per time unit. It is assumed that for MTS items, each kilogram enters,
exits, and makes use of the shuttle. As these are fixed costs and are paid once per kilogram of demand,
the average total of these handling costs are linear with the average demand. In addition, MTO items are
handled by the warehouse as well. Therefore, also the handling costs need to be incorporated for these
items, the second part of Equation (8.2). For MTS items, Equation (8.2) can be brought into Equation
(5.7), replacing the holding cost component. Thereby adding an extra cost component to the model in
the form of handling costs. Further on in this section, an approximation of E[I OH ] is introduced. For
the MTO items, the handling cost component is also added to the total annual cost, Equation (5.4).
Setup cost
The setup costs, A, can be defined as the costs incurred for ’ordering’ an item. In this case, these are
the setup costs incurred by the changeover that is required for the production of that item. The setup
costs are independent of the size of the production order if not zero. In the case company, the setup cost
are defined from a manufacturing perspective. When a setup is required, the machine is standing still,
i.e. no products can be produced during the whole setup duration. Therefore, setup costs can be defined
by the incurred capacity loss, and thus by the loss of margin. Hence, the setup costs are determined by
the setup time (hours), S, and the capacity loss in terms of margin loss per hour, Mloss . Per product,
the setup costs are then calculated by: A = S · Mloss . To determine this loss of margin, the margins of
the products in scope are inquired. Consequently, an average margin, Mavg is determined based on an
weighted average given the sales volume. This way, a product sold and thus produced in large amounts
influences the average margin to a larger extent than a product which is only sold once per year in a
low volume. For example, assume product A has a margin of e0.50 per kg and is sold with 1 ton per
year, product B has a margin of e50 per kg and is sold with 10 kg per year. Then it is meaningless
to define an average margin of e25.50 per kg, however it is more meaningful to define the average as:
1000
10
e0.50 · 1010
+ e50 · 1010
= e0.99 per kg. The same calculation is performed for the average margin of
the case company. Thereafter, the average margin is multiplied by the average production speed of each
line, obtaining a different margin loss (e/h), Mloss per production line. As a consequence, setups on
faster machines are more expensive than setups on slower machines, which is a reasonable assumption.
To calculate the average production speed, not only the directly available data is used, but missing data
is imputed to obtain a more realistic overall average per line. Missing data, i.e. production speeds of
products not available for certain lines, is imputed by calculating the average ratio of the production
speeds between lines of products which are available. The missing data points (17.5% of all values) are
all imputed using this approach. To determine the setup cost, A, the Mloss is multiplied with the setup
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time S, which will be determined per product in the next section. As all products can be produced on
all lines (11, 14, 15, and 18), the Mloss of these lines is averaged. Historical data confirms that indeed
72.2% of all products are produced on a set of multiple different lines. For the Special block, line 91, the
Mloss is determined considering only the relevant items, and the setup cost is determined accordingly.
Setup times
Apart from the cost, the average setup time per SKU, S, is also an important input variable for the cost
model. As previously discussed, see section 2.3, setups in the form of cleanings play a substantial role in
production. In addition to their impact, they are also sequence-dependent. As a result, they cannot be
simply derived. In master production data this data is also not available, as all data concerning setup
times is aggregated, and no details are known. In addition, no general, tangible (written) information
is available concerning these cleanings. Therefore, multiple interviews are conducted with people of the
manufacturing department responsible for the planning and scheduling of the products. For the interview
format, see Appendix E. The findings of the interviews can be summarized into the following points:
• In general, between two production runs of two distinct grade-color a cleaning is required. The
time of this cleaning is depending on how severe the contamination risk is between the products.
• The degree to which a cleaning is required is defined in a cleaning-code. Each cleaning code
indicates which activities need to be performed by the employees at the production line. As these
activities differ in how long they take, each cleaning code can be defined by a time: the setup time.
• Products with alike characteristics are often produced in sequence, and thus grouped into one
cluster within a block. For example, products with similar like colors and/or additives are combined
as much as possible.
Based on all obtained information, a clear overview of all setups and their general setup times is made.
The changeovers can be visualised per block, rendering five different changeover overviews. In Appendix
F, two example overviews can be found. Note that numbers and names are removed due to confidentiality.
The average setup time per SKU is estimated based the general setup time, the changeover overviews,
and master sales data. Note that a changeover is assigned to the product produced before the changeover
takes place, e.g. the changeover between product A and B is allocated to product A. Several calculations
are performed to estimate the setup time per SKU. A summary of these calculations is given, the full
explanation can be found in Appendix G.
• Starting at grade-color (GC) level, the basic changeover time obtained from the interviews is used
as a starting point for each GC. Based on differences between inter- and intra-cluster changeover
times (within a block), this basic changeover time is adjusted.
• If there is no difference between the changeover time within a cluster and the time to changeover
to a GC of another cluster, all GCs within that cluster take the standard changeover time.
• If there is a difference, the total changeover-time per cluster will be divided over the GCs in the
cluster, as all products in the cluster are responsible for the intra-cluster cleaning, and therefore
should be accounted for this cleaning. This is calculated by estimating the number of other GCs
with which the intra-cluster changeover is shared. This number is derived by using the probability
a GC having positive demand (based on historical data). For the 198, Rest, and Transparent block
these are determined on a weekly basis, as these are produced weekly. For the HP and HQ blocks,
demand is consolidated to a monthly and three-monthly basis given block production frequency.
As multiple different SKUs are aggregated per GC, both MTO as MTS products are combined. For
complexity reasons, it is assumed a positive demand triggers a production order. An intra-cluster
changeover is always required, but also inter-cluster changeovers are required equal to the expected
number of other GCs in the cluster. The average is then computed by dividing the total changeover
time of the cluster by the expected number of GCs (other GCs plus the GC itself).
• After obtaining an estimate on the GC level, to setup needs to be reduced to an SKU level. Once
more, the probabilities of positive demand for the SKUs are used in combination with the number
of SKUs in one grade-color. Similarly, the probabilities of positive demand for the SKUs are
calculated based on the production frequency of the blocks.
• If only one SKU is active in the grade-color, the changeover time at GC level can directly used for
the SKU. If there are multiple SKUs, per SKU it is determined with how many other SKUs the
changeover time is shared. Similar as before, these expectations are based on the probabilities of
positive demand per SKU. The estimation for the SKU changeover time is given by dividing the
GC changeover time with the expected number of other SKUs + the SKU itself.
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Following above mentioned steps, an estimated average changeover time per SKU can be calculated.
These values are used in the cost analysis.
Determining the Q
To determine the Q, the EOQ can be calculated by Equation 5.8. Yet, the holding costs deviate from the
standard settings of the EOQ, as there are handling costs, Ha, incorporated. In determining the EOQ,
the objective is to find Q such that average cost per unit time are minimized. In the original derivation,
the EOQ is independent of the unit order cost, c, since the proportionally order cost over a certain time
period is exactly the same given any value of Q. The handling cost possesses the same property: the
average handling cost are independent for the value of Q. Thus, the original EOQ formula can still be
used (excluding handling cost). In Appendix H, the complete derivation including handling costs can
be found. Moreover, the EOQ is defined for a deterministic demand environment. However, it can also
be used in a stochastic environment. In this case, the demand variable D can be replaced by the mean,
and the Q can be determined with the deterministic formula (Axsäter, 1996). In general, Zheng (1992)
and Axsäter (1996) proved that this approximation renders a good heuristic solution when demands are
stochastic.
In addition, as discussed previously in section 5.5, M inOQ and M axOQ possibly bound the calculated
Q. In consultation with the manufacturing department, both an M inOQ and M axOQ are defined. For
MTS items, the M inOQ is set at 63 tons, although this is not a hard constraint, this is strongly advised
by the department. Hence, it is possible to produce batch sizes smaller than 63 tons (especially for low
volume MTO items).The M axOQ is 630 tons and is a hard constraint. Above this level production
needs to be stopped as the contamination risk is too high. If the EOQ lies above or below the M axOQ
and M inOQ respectively, the first feasible option is chosen for Q, as defined in Equation 5.1.
Inventory control system
As discussed in Chapter 6, an (R, s, nQ) inventory control system is proposed for the case company. For
every block, review period (R), lead-time (L), reorder level (s) and fixed Q needs to be specified.
The production lead times are dependent on the block, and the times as set by the company are
assumed, see Table 8.1. Note, this is the lead time at the moment of a replenishment decision. As no
data could be analyzed concerning the variability in the lead time, deterministic lead times are assumed.
Specifying the review period is based on the problem context, and logical reasoning given production
planning. As not all products are produced every week, ordering for groups of products is restricted to
certain time intervals. Based on the assumptions made at the start of this section, the following review
periods can be proposed:
• For blocks 198, Rest, Transparent, Special the review period is set to one week. As capacity for
these blocks is available on a weekly basis, a new replenishment can potentially be ordered every
week. Therefore, replenishment orders are able to be delivered in L time units at a weekly R.
• For the HP block, the review period is set to four weeks. As capacity is only available once time per
four weeks, replenishment orders are restricted to be placed at the same interval. In other words,
there is no point in reviewing the IP when the replenishment will not be delivered in L time units.
Note, it is assumed the moment of reviewing will coincide with a possible replenishment moment
(a delivery), as the review period and production lead-time are equal.
• For the HQ block, the review is to twelve weeks following the same reasoning as for the HP block.
There is no point in reviewing inventory if a replenishment is not delivered over L time units.
Again, it is assumed the moment of reviewing will coincide with a possible replenishment moment
(a delivery), as the review period and production lead-time are equal.
Another important input variable for determining the reorder level is the fillrate. The aim of the
company is to deliver all MTS items from stock, and the delivery date is set according to this. Hence,
setting a target fillrate also ensures reaching the proposed delivery times of the products, and thus the
DT1P. For each individual item a target fill rate is set. As this is a managerial decision, the target fill
rate is set in consultation with the company, rendering a target of 95%.
As discussed before, stationary demand is assumed in determining reorder levels. Looking at the
items which possibly are denoted as MTS, quadrants B, C and D, for 70.4% (19 out of 27) of the items
there is not enough evidence to reject the hypothesis that there is no trend, see section 4.2.2. A more
extensive time series analysis is performed for the other SKUs. Given the time series data of each SKU,
the partial auto-correlation function (PACF) is plotted. The PACF measures the direct correlation
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between successive data points. Furthermore, a trend should render a significant correlation at lag 1. All
remaining eight SKUs are tested, and for only two products a significant correlation at lag 1 is found.
Hence, for 25 out of 27 (92.6%) SKUs stationary demand validated.
A sequential procedure is followed for setting s and Q, starting with the Q as discussed before.
As described in Chapter 6, the standard demand assumptions as proposed in literature, Normal and
Gamma distributed demand, are not valid. Therefore, an empirical distribution is assumed as discussed
in section 6.3. Subsequently, the reorder level is calculated by Equation (A.2) in combination with a
search procedure. A reorder level is computed per SKU given the corresponding input variables: L, R,
Q, target fill rate, and the fitted empirical distribution. This search procedure is implemented in the
open-source Python version of the DoBr-tool designed by Donselaar and Broekmeulen, which is used
in this research. Apart from the reorder level, also other KPIs are provided. Two of these indicators
are the expected inventory on hand (IOH) at the beginning of a potential delivery cycle just after a
potential delivery (t = L), denoted by E[I OH (τ + L)], and the expected IOH just before a potential
delivery (t = L + R), denoted by E[I OH (τ + L + R)]. For the IOH, the former is traditionally used as
an KPI by scientific literature (Axsäter, 2015). However, as the review period is large compared to the
Q, Donselaar and Broekmeulen (2014) propose to take also the latter into account by averaging both
indicators. This renders an approximation of the average IOH, E[IpOH ], as introduced in Equation 8.2.
The annual cost equation for an MTS item is rewritten, and given by:
T CM T S =
where E[I OH ] =

h · E[I OH ] (Hain + Haex )/2 · D
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+
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E[I OH (τ +L)]+E[I OH (τ +L+R)]
.
2

At last, recall that a M inOQ is incorporated for replenishment orders. As a result, if Q > 1 and
M inOQ > 1, then the (R, s, nQ) system changes to an (R, s, S, nQ)-system. In this case, it is assumed
the order up to level S, is equal to S = s − 1 + M inOQ. Note, whenever Q ≥ 1 and M inOQ ≤ Q, the
system remains an (R, s, nQ) system. The DoBr-tool is able to handle a M inOQ.
Implementation
Given the defined and calculated costs and parameters of this section, the cost model can be calculated
using equations: (5.2) up and until equation (5.6), (8.1), (5.8), (5.1), and (8.3). All relevant formulas,
costs, and data are inserted into one Excel Workbook. At one Excel sheet, an overview of the costs per
item are presented. For each SKU, the classification can be easily obtained from this sheet along with
cost estimates for the different components given an MTS or MTO production strategy. The expected
IOH is obtained via the Python version of the DoBr-tool, and is used as input data.
Results
In the high-volume, low-variability quadrant, eleven out of fourteen SKUs are indeed classified as MTS
items. Looking at the cost differences between MTO and MTS strategies of the remaining three products,
it is observed these only account for an average of 2.75% absolute difference. For the other group a cost
benefit of 11.9% on average is observed over MTO. Considering the fact these products have similar like
characteristics, and due to simplicity reasons, all SKUs in the high-volume, low-variability quadrant are
classified as MTS. In the low-volume, low-variability quadrant, all seven SKUs are proposed as MTS
with an average cost benefit of 212% over MTO. Hence, all SKUs in this quadrant are classified as
MTS items. In the high-volume, high-variability quadrant, four out of five SKUs are proposed as MTS
items with an average cost benefit of 8.31% over MTO. The other product is proposed as an MTO item.
Yet, due to simplicity reasons this item is also classified as MTS. Hence, all five items in this quadrant
are classified as MTS. In the low-volume, high-variability quadrant, there is no real majority for either
strategy. Moreover, a lot of products with very small volumes are proposed as MTS as they benefit
greatly from the economies of scale of batching. However, their annual demand volume is (much) smaller
than the M inOQ of 63 ton. Considering the fact the products age after 1 year dramatically and become
obsolete, MTS is no option for these products. Please note, for the other quadrants inventory of one
year old is not reached by far. In addition, other products also have an annual demand smaller than
their optimal order quantity, and thus producing this quantity is also for these products not feasible.
Hence, considering these insights, along with the previous demand analysis classifying these products as
high variable and low volume, there are no reasons not to classify these products as MTO. Therefore, all
SKUs in the low-volume, high-variability quadrant are classified as MTO.
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8.1.4

Capacity considerations

In this section, both warehouse and production capacities are checked
on feasibility of the proposed classification. In total, the warehouse
capacity amounts to 63,000 pallet places. However, these places are
available for all LXF items and products of other facilities. To obtain a
benchmark on whether the proposed classification falls within a feasible
capacity utilization, master data is consulted. Based this information,
the historical utilized pallet places are obtained. Using Equation 5.12,
the required warehouse capacity is calculated. Apart from the bag
packaging type, all packed goods require one pallet place per packaging
type. Of the bag packaging, fifty bags can be placed at one pallet.
To obtain the physical quantities per pack, the total volume must be
divided by the volume per pack. The required number of pallets for
the proposed partitioning amounts to 14,474 pallets on average. The
benchmark is determined based on historical inventory data (no years
are mentioned due to confidentiality reasons). In Figure 8.2, the pallet Figure 8.2: Pallet space usage
space utilization over time is presented. Both axes are omitted due
to confidentiality reasons. The dotted line represents the average pallet space usage of the proposed
classification. As this line lies well within the highest observed pallet usage, it can be assumed the
proposed classification renders a feasible solution given warehouse capacity.
The next capacity check concerns the production capacity of the production lines. In total, per
production line a total capacity is available of 24 · 365 = 8, 760 production hours per year. The capacity
is checked for lines 11, 14, 15, and 18 together, and for line 91 separately. Per year, each line has 8
days of planned maintenance, this is subtracted from the available production hours. In addition, there
are some products produced at these lines which are not in scope as these are intermediate products.
Available capacity is adjusted such that it reflects this capacity occupation. Hence, for the lines 11, 14,
15, and 18, available capacity is (8, 760 · 4 − 8 · 24 · 4) · 0.72 = 24, 676 production hours. Using Equation
5.11, the required annual capacity is found to be 23, 102 production hours for these lines. Thus, capacity
can be considered as sufficient. The same procedure is followed for line 91. The available capacity is
(8, 760 − 8 · 24) · 0.933 = 7, 994 against a requirement of 6563 hours, thereby having sufficient capacity.

8.2

Conclusion

In this chapter, the MTO-MTS partitioning decision framework is applied to the case company in a
case-study. The four sequential levels are performed determining together the classification of the SKUs.
In the following overview, Figure 8.3, the most important results are presented.

Figure 8.3: Overview case study MTO-MTS partitioning
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Simulation study
In previous chapters, a redesign is proposed for the inventory-production model of the case company.
Moreover, in a case study, the MTO-MTS partitioning decision framework is applied to the problem
context, and inventory control system parameters determined. To be able to validate the redesign and
corresponding results, a simulation study is performed. In addition, the sensitivity of the model to
certain parameters is analyzed. First, the choice for a simulation is justified, relevant KPIs to measure
performance are proposed, and test scenarios introduced. Thereafter, the design of the simulation is given
along with verification and validation of the model. At last, the results of the scenarios are presented.

9.1

Justification of simulation

The choice for a simulation is based on the fact that the environment at hand is very complex, e.g.
stochastic demand, multiple parallel non-identical production lines, sequence-dependency of setups, hybrid MTO-MTS production, no fixed allocation of items to lines. Therefore, defining exact analytical
expressions is not possible. To get insights on the performance of the system under the redesign, a
simulation is proposed to capture and include these effects in a simulation environment. In addition,
previous calculations are based on estimations and assumptions. A simulation study can mimic more
realistic behavior and include stochasticity of input variables. Moreover, interdependencies between resources and other system elements are better reflected. Hence, a dynamic, stochastic simulation model
is designed.

9.2

Key Performance Indicators

To determine the performance of the simulation run, the following KPIs will be measured and compared:
• Relevant costs: production costs, setup (changeover) costs, and inventory holding cost.
• MEF metric, see 2.3.2: whether production orders are fulfilled within the according lead time.
This metric is measured for both MTO production orders, as MTS replenishment orders. The
MEF metric is leading over the fillrate.
• Fillrate, see 3.3.2: fraction of demand satisfied immediately from stock. This metric is measured
solely for MTS customer orders.
• Total setup time: The larger the setup time, the larger the capacity loss. As this effect is not
directly quantified in the total cost, it should be evaluated among different scenarios.
To compare the redesigned situation with the current situation, historical master data will be consulted
to calculate the values for the introduced KPIs. Unfortunately, production planning/scheduling and
inventory control have no straightforward general rules to implement. Hence, it is not possible to simulate
the current situation.

9.3

Scenarios

To validate the MTO-MTS partitioning results, the following scenarios are tested:
• Scenario 1: The MTO-MTS classification as presented in Chapter 8, all quadrants, except lowvolume, high-variability quadrant (MTO), are MTS.
• Scenario 2: Scenario 1, but additional to the low-volume, high-variability quadrant, the highvolume, high-variability quadrant is also classified as MTO. The other two quadrants are MTS.
• Scenario 3: Scenario 1, but additional to the low-volume, high-variability quadrant, the low-volume,
low-variability quadrant is also classified as MTO. The other two quadrants are MTS.
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• Scenario 4: Scenario 1, but additional to the low-volume, high-variability quadrant, both the lowvolume, low-variability and high-volume, high-variability quadrants are also classified as MTO.
The other quadrant, high-volume low-variability, is MTS.
To obtain insights in the inventory control system behaviour, the following scenarios are tested:
• Scenario 5: Classification as presented in Chapter 8. Yet, instead of the inventory control system
with fixed replenishment quantities, the incremental order quantity is set to 1, rendering an (R, s,
S) system.
• Scenario 6: Classification as presented in Chapter 8, but a set of MTO products are changed
to a MTA production strategy. The MTA strategy builds on establishing economies of scale by
producing larger batches. If an order for an MTA arrives and no stock is available for that item, an
economic order quantity (> ordersize) will be ordered. The remainder will be stocked for the next
order. If possible, the next order is fulfilled from inventory and no production order is generated.
Whenever inventory is not able to meet the demand, a new EOQ is ordered. All MTO items which
have at least one order per two months are considered as MTA, rendering twelve MTA SKUs. A
lower amount of orders could possibly lead to obsolete stock.
In addition, to obtain insights in alternative situations, the following scenarios are tested:
• Scenario 7: In the case study, the boundaries for the DVA are set by interpretation and insights
from similar research studies, see section 8.1.2. Yet, by altering these cut-off values better solutions
could possibly be obtained. In the four classification scenarios, a decreasing number of MTS items
is tested. In this scenario, the bounds for the quadrants are adapted, i.e. increased/decreased with
25%, such that the total number of MTS items increases. This renders additional insights on the
effect of increasing the MTS portfolio share.
• Scenario 8: Smaller order quantities can render positive effects in terms of flexibility for the supply
chain department. Hence, a smaller Q, 66.7% of the original Q, is tested additionally. Insights can
be obtained about the effect of altering this parameter. Naturally, reorder levels are recalculated.

9.4

Design of simulation

The simulation model discussed in this section is build from scratch using Python programming language.
In general, the model can be denoted as a dynamic, stochastic, discrete simulation model. The simulation
incorporates modeling the system evolving over time (dynamic) by a representation in which the state
variables change instantaneously at separate points in time (discrete) and incorporates probabilistic
components, i.e. demand elements (stochastic). First, the main lines of the simulation will be discussed.
Thereafter, a more comprehensive explanation of consecutive procedures and decisions in the simulation
is given. At last, procedures to determine parameters for running the simulation model are discussed.

9.4.1

Main setup

Overall, the simulation model incorporates decisions regarding inventory control and production planning/scheduling, such that different scenarios can be simulated and corresponding results obtained. The
following main concepts are incorporated:
• Determining production strategies of products, the MTO-MTS classification, is performed beforehand by means of the model proposed in Chapter 5. Furthermore, during a simulation a classification is considered as fixed as these are tactical decisions. Yet, as previously discussed, different
scenarios are tested covering different classifications.
• During a simulation, the system evolves over time by making use of a rolling schedule mechanism.
At fixed moments in time, previous made decisions are executed, state variables are updated, and
new decisions are made based on the updated state of the system. Detailed explanation follows.
• The manufacturing setup contains the four parallel non-identical production lines, 11, 14, 15, and
18. The other production line, 91, is not modelled as it only produces one product, is independent
of the remaining lines, and would render trivial results. Moreover, corresponding to actuality,
production runs 24/7.
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• Production planning and scheduling activities are performed given an implementation of the block
planning model as introduced in Chapter 7. The proposed mathematical model is solved using a
mathematical optimization solver. The considered planning horizon is four weeks, hence running
the mathematical model delivers a production plan for the upcoming four weeks. This is in line
with the current planning/scheduling horizon of manufacturing.
• Inventory control decisions are determined, unless stated otherwise, given an (R, s, nQ) control
model, as proposed in Chapter 6. Important variables, i.e. s and Q, are set and determined based
on the according scenario, as proposed in Chapter 5 and 6, and applied in Chapter 8.
• Daily demand elements are generated per SKU based on empirical distributions, as proposed in
Chapter 6. Note, production planning is performed on a higher-granularity level, TOT level.
Therefore, as input to the mathematical planning model, SKU demand elements of the same TOT
are aggregated. Thereafter, actual production output at TOT level is allocated between the demand
elements at SKU level. Exact allocation rules are discussed further on.
• The input block planning and fixed product sequences, as discussed in section 7.2, is defined in
cooperation with experts of the manufacturing department. The fixed planning determining the
timing and length of macro-periods (blocks) is based and aligned to the raw material production
wheel, and therefore guarantees raw material availability. Moreover, it is drawn up for the entire
length of the simulation.

9.4.2

Consecutive procedure of activities

As discussed previously, a rolling scheduling mechanism is employed refreshing the state variables of the
model at fixed times. In this simulation study, time will pass by in weekly buckets, i.e. once per week
the state of the system is updated. This decision is based on the fact that all orders within the planning
horizon of four weeks are known, no additional orders are entered. For the MTS items, the smallest
review period is one week, so no replenishment orders can be generated in the mean time. In addition,
running the mathematical model on a daily basis increases the required computation time per simulation
drastically. However, it must be noted that as a consequence some orders have a shorter visibility for
planning purposes. Assume an MTO demand element with a lead time of four weeks is going to be
generated with a due date at day ”planning horizon + 2”, therefore not visible in the current horizon.
Subsequently, when the horizon rolls one week further, the due date of this element is at day ”planning
horizon + 2 - 7”. So, although the lead time of four weeks is maintained, the order is for a shorter
period visible in the planning horizon. Yet, it is unlikely this order would be produced in the passed
period, as the order would than be produced more than three weeks before due date. Considering the
low possibility of occurrence, the negative impact of this assumption is neglected. Note, this is only
the case for MTO demand elements, as MTS demand elements and MTS production orders are not
directly connected. Furthermore, inventory balancing, i.e. subtracting demand and adding production
quantities, is performed on a daily scale. This is required for correctly measuring the MEF metric and
the fillrate. In addition, costs are also allocated to specific days.
Initialization
Before a simulation run is performed, an initialization state for the system is set. The purpose of the
initialization state is to reach a steady-state system faster compared to an empty system. It is decided
to start all MTO items with an inventory on hand (IOH) equal to the sum of generated demand over
the first 75% of the corresponding lead time, e.g. for a leadtime of four weeks, the IOH is set equal to
the demand over the first three weeks. For the MTS items, the IOH is set equal to the maximum of the
reorder level and average IOH (as obtained from the DoBr-tool). As no production orders are initialized
in the pipeline, hence the inventory position is equal to the IOH. Daily demand elements are generated
based on the predefined probability distributions, and is performed before a simulation run is started.
This way, while rolling over the simulation horizon, demand elements become visible which represent
the due date and size of the order. Consider a demand element at day tau + 28 with a production lead
time of four weeks, then the order is visible for the system at day tau, before day tau this order is not
yet known. The mathematical model incorporates only the demand elements where the current day lies
between the visibility date and due date. As the lead time for almost all products is four weeks, which is
equal to the planning horizon, all demand elements within this horizon can incorporated for determining
the production plan. Note that this concerns demand elements on TOT level for MTO items and demand
elements of replenishment orders for MTS items. Demand elements of MTO items have a direct influence
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on the production planning, as production orders can be connected to these elements. As MTS items
are delivered from stock, these customer order demand elements only influence inventory at the day they
are ’due’, and do not trigger production orders directly.
System state update moment
Whenever a system update moment is reached, a consecutive procedure of activities and decisions is
performed. Assume these steps are performed at the end of an arbitrary day, and demand of that day
has already been occurred. The first step in this procedure is the generation of possible replenishment
orders for MTS items. Based on the review period of SKUs, it is determined which products are allowed
to be reviewed. If a review moment is planned for an SKU, the inventory position is checked against the
reorder level, and a replenishment order is generated (on TOT level) if the inventory position is below
the reorder level. The size of the order is depending on the corresponding Q and the difference between
the two levels. If a replenishment order is generated, a demand element of this replenishment order is
generated given the according lead time. Note that this type of demand element is handled the same way
as an MTO demand element, and is on TOT level. After all required SKUs are reviewed, the next step
is determining the bound for the service level of the planning model, constraint (7.18), as the right-hand
side of the equation depends on the state of the system. Variable |Ep+ | is determined by summing all
demand elements over the planning horizon that are within their lead time for demand elements of MTO
items and MTS replenishment orders. Recall that this constraint ensures that only a maximum number
of orders can be backordered. The determined |Ep+ | is used as input to the planning model. Subsequently,
the type and lengths of the macro-periods (blocks) are determined for the model. Based on the input
block planning as determined by manufacturing, the exact timing of macro-periods (blocks) is determined
for the upcoming planning horizon (PH) given the current day. Figure 9.1 visually presents the macroperiods between the current day, τ , and the last day in the planning horizon, τ + planning horizon. Note,
at the end of the horizon some blocks are cut off before their actual end time, the same goes for the start
of the horizon.

Figure 9.1: Block planning horizon and corresponding macro-periods/blocks
Subsequently, all dynamic input sets and parameters for the production planning model are rerun.
Dynamic parameters and sets are depending on the considered macro-periods in the planning horizon.
Recall that the model considers numbered production lots k, representing the possibly planned products
consecutively. Moreover, products adhering to a block have a fixed sequence. So based on the defined
macro-periods and these fixed sequences, per line the possibly planned products can be consecutively
numbered. For example, block A and B have two and five products respectively, and are planned in
sequence on line Y. Production lots, representing products, are then numbered one up to seven based
on the fixed sequence within a block. Based on the product corresponding to production lot k on line l,
model input data regarding production times, minor setup times, minimum and maximum lot sizes are
re-determined. Other dynamic parameters that need to be rerun based on the considered macro-periods
are the earliest start-off times and end-times of blocks, and sets based on the definition of production
lots.
Thereafter, the mathematical model is setup given all input sets, parameters, and relevant demand
elements, and solved using an optimization solver. The outcome of the model presents a production
plan for the entire planning horizon, defining which products were produced in what quantity and at
what time at which line. As the horizon rolls in weekly buckets, the first week (upcoming seven days)
of the obtained production plan is segregated. Note, all production runs that are still in progress
at the segregation point are in totality incorporated in the production plan, i.e. they are not ended
prematurely. Subsequently, the obtained production plan (of one week) is executed. Consecutively, for
each day the available production amount per product, TOT level, is obtained. As production runs are
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planned on a continuous time scale, the exact ending time of a production lot is known, and each one
becomes available at a specific moment during the day. Given that products still have to be packed after
production, which has its own separate lead time, it is assumed demand occurs after all production of
a day has become available (as there are no customers during the day waiting for their order). Yet, the
daily production amounts per TOT have to be allocated between the corresponding SKUs. Therefore,
a set of allocation rules are defined. First, per TOT, all corresponding SKUs are specified, and their
corresponding production strategies. If a product has both MTO and MTS items, MTO items and
their demand elements are given priority (for the entire week). Starting with the MTO items within a
TOT, consecutively per day, the available production on that day is first used to fulfill any outstanding
backorders. Thereafter, iterating subsequently over the days in the week (so day 1 to 7 of the week), per
SKU it is checked whether there are any demand elements on that day. If there is demand, production
(of the size of the demand) is assigned to that SKU. In addition, when iterating over the days, daily
demand is subtracted and IOH updated. This procedure is repeated up and until all days for all SKUs are
checked or when no production is left anymore. Note, this procedure guarantees a FIFO fulfilling policy
of customer orders. If there is remaining production, and there are MTS items within this TOT the same
procedure is followed for these items. Yet, backorders are late replenishment orders now and demand
elements for allocating production are the replenishment orders (as customers orders are an independent
demand stream). Again, when iterating over the days, actual customer orders are distracted from the
IOH and IP. As the production plan is based on a horizon of four weeks, it is possible there is remaining
production after checking all demand elements of the first week. Future demand is then aggregated with
demand of the first week, obtaining batching benefits, i.e. economies of scale. Hence, again the same
procedure is followed for the MTO items, and subsequently the MTS items, considering and iterating
this time over the days of the remaining three weeks, i.e. the last three weeks of the planning horizon, to
match remaining production with future demand. Naturally, if either no MTO or MTS items are present
within a TOT, the process of allocating demand for that strategy does not apply.
At last, after iterating over all days, allocating production and subtracting from the inventory levels,
the system has ’rolled’ one week further. Subsequently, all demand parameters (TOT level) of the
planning model are updated, and start inventory and backorder levels (TOT level) of the model are
updated. Note that these inventory levels do not reflect the real SKU inventory levels, but represent
production orders that are produced before their due date. Yet, the TOT backorder levels match in
totality with the MTO SKU backorders and the late MTS replenishment orders. The planning model
thus minimizes the inventory costs of producing orders too early the TOT inventory levels, however the
SKU inventory levels are considered when computing the real inventory costs of the simulation. After
this last step, the whole procedure is looped until the entire simulation length is run through.
Performance calculation
After running the entire simulation, the performance criteria, fillrate and MEF, are measured based
on the simulation data. The costs are determined throughout the simulation, and are composed of the
production costs, changeover costs, inventory holding cost of MTS items and MTO items, and warehouse
handling cost. Moreover, other measures as total setup time and average batch size are calculated based
on simulation data.

9.4.3

Run parameters of the simulation model

To obtain unbiased and reliable simulation results, two types of simulation run parameters need to be set.
Namely, the warm-up period and the simulation replication length, both determined by using relevant
literature, are shortly addressed.
Warm-up period
When a simulation starts with an ’unrealistic’ state, initialization bias occurs. As a result, data collected
during this warming-up period does not correctly represent the output measures. Hence, removal of this
period is required in obtaining accurate estimates of model performance. There are multiple methods for
dealing with this bias, and one of them concerns a partial initialization of the system along with deleting
warm-up data (Robinson, 2004). In the simulation study, this approach is used. As discussed previously,
the state of the system is partially initialized by filling up inventories of both MTO and MTS items, which
shortens the total warm-up. To determine the warm-up period, different types of methods and procedure
are found. Two common methods are the Welch’s method (graphical) and the marginal standard error
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rule (MSER, truncation rule). Both methods are fairly easily implemented, however a large disadvantage
of the Welch’s method is the required judgement of the user of the smoothness and flatness of the moving
average plot (Hoad et al., 2010). Hence, the MSER rule is chosen. As many research studies have proven
the enhanced performance of the MSER by batching every five observations, the MSER-5 rule, this
procedure is followed (Mahajan and Ingalls, 2004; White et al., 2000). The original MSER method as
proposed by White (1997), determines the warm-up period by determining the truncation point, d, where
the trade-off between improved accuracy and decreased precision is most balanced. Stated formally, the
optimal truncation point for a finite output series i of replication j {Yi (j) : i = 1, 2, . . . , n} is given by
(White, 1997):
#
"
n
X
2
1
∗
Yi (j) − Ȳn,d (j)
(9.1)
d(j) = argmin
2
n>d(j)>0 (n(j) − d(j))
i=d+1

In the MSER-5 rule, Equation 9.1 is applied to a data series b where the raw output observations, n, are
replaced with batch averages, b = bn/5c.
Replication length
Each scenario in the simulation study is composed out of multiple replications. Each replication of a
scenario incorporates the exact same logic and data, but a different set of random numbers (stochastic
demand in this case). This way, different statistical results are obtained which can be analyzed across the
set of replications. The length of the replications need to be chosen. In general, there is no simple method
available for determining this length. However, it is important that given a certain replication length, the
data values of each replication are independent from each other. If independency between replications
is ensured, the length of the replications is assumed to be sufficiently long. To test independence of
replications, the Von Neumann ratio, q̄, is in general used as a criterion (Von Neumann, 1941). If
the replication means, x, are independent and normally distributed, N (µ, σ), then q̄ is approximately
normally distributed with N (2, 4(n−2)
n2 −1 ). However, this normal approximation requires a sample size
larger than 20, n > 20. In addition, Kleijnen et al. (1982) found out the test only yields reliable results
for sample sizes of 100 and larger. Hence, for a (much) lower sample size the alternative rank version
of Von Neumann ratio can be used, proposed by Bartels (1982). For small samples, it is convenient to
work with the numerator of this ratio to obtain the test statistic, N m, given by:
Nm =

n−1
X

(Ri − Ri+1 )2

(9.2)

i=1

Note that Ri represents the rank of replication i after ranking all replication outcomes from low to high.
Moreover, Bartels (1982) determined the randomization distribution table of the N m statistic for small
sample sizes (4 ≤ N ≤ 10), and exact tail values of N m are given, surrounding the critical one-tailed
probabilities. Based on these values and the test statistic it is determined whether it can be accepted
that the replications independent.

9.4.4

Number of replications

Another decision to be made is the number of replications per scenario, such that statistically reliable
results are obtained. As it is imprudent to draw conclusions based on results of one model run due to the
generation of random numbers, multiple replications are required. Once again, exactly determining this
number is not straight-forward. In literature, multiple guidelines and recommendations are proposed.
Mehta (2000) suggests to perform at least three to five replications per experiment. After reviewing
literature, Burghout (2004) concludes that usually between five to ten replications are used for each
experiment. Hence, considering these insighta and time-constraints of the project, per scenario five
replications are performed.

9.4.5

Lagrangian relaxation

The MILP formulation as presented in Chapter 7 includes service level constraints. Equation (7.18)
ensures timely completion of production orders given their due date and a predefined service level. In
this simulation study, the φ, fraction of orders allowed to be backordered, is set to 0.05, which is in line
with the target MEF of 95%. Yet, infeasible models are encountered during initial simulation testing
caused by the constraining service level bound. In other words, in some simulation runs, the model
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cannot be solved to optimality while adhering to the required service level. To overcome this problem, the
Lagrangian relaxation technique is applied. The service level constraint, Equation (7.18), is transformed
and added into the objective function with a Lagrange multiplier. The Lagrange multiplier penalizes
service level shortcomings, as it increases the objective function value proportional to how severe the
constraint is violated (Aarts and Houtum, 2019; Fisher, 1981). Hence, the service level constraint cannot
render infeasibility of the model anymore. In Appendix I, the transformed service level constraint and
adapted objective function are presented.

9.5
9.5.1

Validation and verification of the simulation model
Verification process

Verification is concerned with the process of ensuring that the model, the corresponding computer program, and its implementations are correct (Sargent, 2000). Common used techniques for verification are
desk checking, structural walkthroughs, and tracing (Whitner and Balci, 1989). During modelling of
the system, the code is iteratively examined in detail by desk checking and structural walkthroughs, i.e.
reviewing code on logic, consistency, and completeness. In addition, as proposed by Law et al. (2014), the
model is written and debugged in modules. Multiple parts are programmed and tested separately, e.g.
the mathematical model, reorder level reviewing, such that locating errors becomes less complex. After
the separate modules are combined, the model can be verified on a larger scale using tracing. Tracing is
a very powerful verification technique, where ’the behaviors of different types of specific entities in the
model are followed through the model to determine if the model’s logic is correct and if the necessary
accuracy is obtained’ (Sargent, 2000; Whitner and Balci, 1989). Different types of traces are performed
for the model. One of these traces is that for MTS items at any arbitrary moment the following equation
should hold:
Inventory position = Inventory on hand + Scheduled receipts − Backorders

(9.3)

Another trace performed is following and checking the generated replenishment orders at review moments
for MTS items. It should hold that a replenishment order is only generated if the IP is lower than the
reorder level at that moment. Moreover, the potential replenishment quantity should be an integer
multiple of Q, such that it is enough to bring the IP back above the reorder level, but not more than
necessary. Apart from these traces, multiple additional traces are performed, the complete list can be
found in Appendix J. After ensuring all traces match their expected behavior and no deviations were
found, it is concluded the model is well-engineered, and error-free.

9.5.2

Validation process

The process of model validation is about determining whether the computerized model at hand delivers
an adequate range of accuracy for its intended purposes within its application domain (Sargent, 2000).
A wide range of validation techniques are available, in this research a set of extreme condition tests and
degenerate tests are conducted.
In extreme condition tests, the model is setup with a set of extreme and unlikely levels of factors in
the system, to test if the model structure and output is plausible Sargent (2000). One of the performed
extreme condition test is assuming zero-demand, the fillrate and MEF should be equal to 1.00, and no
items should be produced. Another test assumes extremely high reorder levels, which should guarantee a
fillrate of 1.00 (for the MTS items). In total, a set of four different extreme condition tests are performed,
which can be found in Appendix J. All test results are as expected, reinforcing the validity of the model.
Degenerate tests are performed by consciously choosing values of input and internal parameters such
that the degeneracy of the model can be tested (Sargent, 2000). A degenerate test executed for this
project is incrementally increasing (decreasing) the reorderlevels, the observed fill rates should increase
(decrease) over the simulation runs. Another test, is incrementally increasing demand over multiple runs,
leading to a decreasing fillrate and increasing costs. All tests outcomes are as expected.

9.6

Results

The different scenarios are implemented in the simulation, and subsequently run given the according
parameters. As discussed previously, five replications are performed per scenario. Through demand
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stochasticity all five replications have different demand streams. Yet, the the same five different demand
streams are used for every scenario to decrease unnecessary noise. The replication length is set to one
year, meaning the model is solved 52 times and 365 independent demand elements are generated per
product. To test for independency between replications, the rank version of the Von Neumann ratio’s is
calculated for each scenario, using Equation (9.2). The test statistic for the scenarios one to eight are 15,
15, 13, 12, 19, 9, 22, 21 respectively. As these values are far between the critical values, see Appendix
K, and thus clearly not significant, it is accepted that the replications are independent. Hence, the
replication length of one year is assumed to be sufficiently long. Additionally, the warm-up period is
determined using the MSER-5 rule. Per replication, the obtained daily costs values are batched and
averaged per five data points. Consequently, these values are used to calculate the truncation point by
Equation (9.1). For every replication of all scenarios, the truncation point is found to lie between 2
and 5. Given these truncation points, the warm-up period is defined between 10 and 25 days depending
on the replication. To have a unified warm-up period for all scenarios and replications, and since a
warm-up period is better taken somewhat too long rather than too short, the warm-up period is set at
four weeks: 28 days. Furthermore, total demand over all items per replication is not totally stable. The
difference between the largest and smallest observed total demand is approximately 8%. As a higher
demand inherently leads to higher costs, the total costs are scaled to the corresponding total demand.
Subsequently, costs are expressed in total costs per 100 ton.

9.6.1

Outcomes of KPIs

For each of scenarios, the outcomes of the different KPIs are computed based on the five different
replications. The point estimates for the fillrate and MEF metric are calculated after the simulation,
and per replication one overall value is determined. To obtain the point estimates for the cost and setup
time, the overall average responses per replication are calculated. These latter averages are calculated
based on the responses of the model, excluding the warm-up period, p:
Pm
j=p+1 Yji
Yj (m, p) =
(9.4)
(m − p)
where,
Yj
Yji
p
m

Overall average response of replication j
Observed outcome of variable during ith period of replication j
Warm-up period
Total number of periods in replication

Subsequently, the point estimates for the mean, X, and the variance, S 2 , are given a certain sample size,
n, calculated by:
n
X
Yj (m, p)
X=
(9.5)
n
i=1
and,
2

S =

Pn

i=1 (Yj (m, p)

− X)2

(9.6)
n−1
Furthermore, if it is assumed x̄ and s are the mean and standard deviation of a random sample from a
normal distribution, then a 100(1-α)% confidence interval (CI) on the mean, µ, with unknown variance,
σ 2 , can be given by (Montgomery and Runger, 2014):
s
s
x − tα/2,n−1 √ ≤ µ ≤ x + tα/2,n−1 √
n
n

(9.7)

where tα/2,n−1 is the upper 100α/2 percentage point of the t distribution with n − 1 degrees of freedom.
A 95% CI is chosen, α = 0.05, rendering a critical value of t0.05/2,5−1 = 2.776 (Montgomery and Runger,
2014).

9.6.2

Comparison with old situation

The results, including CI’s, for the first four scenarios and the old situation, are presented in Table 9.1.
Looking at the results, it can be found that all scenarios perform better on overall costs, the MEF, and
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Situation
Scenario 1
Scenario 2
Scenario 3
Scenario 4
Old situation

Costs (e/100 ton)
53,647 ± 831
51,594 ± 776
52,359 ± 754
51,726 ± 1012
55,909

MEF metric
95.20 ± 0.65
93.67 ± 2.32
94.12 ± 3.70
94.14 ± 3.13
86.14

Fillrate
97.88 ± 1.61
96.93 ± 2.72
96.09 ± 3.67
95.56 ± 3.96
91.19

Total setup time (hr)
965.6
925.8
963.4
962.5
856.0

Table 9.1: KPI outcomes per classification scenario
the fillrate compared to the old situation. In Appendix L, the measures are visually presented. The
scenarios only perform worse on the total setup time. This can be explained after looking at the average
batch sizes per line. In the scenarios, the average batch sizes per line are somewhat smaller, around
15%. In Appendix D, the box plots of the batchsizes per line of an arbitrary replication are presented.
Comparing these box plots with the historical box plots, which can be found in the same appendix, lower
averages can indeed be found. Yet, strong resemblances of the box plots in shape and size are observed,
thereby supporting the validity of the simulation model. In the old situation, due to the increased batch
sizes, less setups are performed, which leads to less required setup time. As the average batch sizes per
line are in all scenarios smaller, more setups are performed, thereby increasing the total amount of setup
time. Moreover, the major setups required between switching between blocks, increases the total setups
slightly in the scenarios compared to the old situation. Although it seems a large difference, it only
represents 24 production hours per line over a horizon of one complete year. Yet, each scenario has a
substantial lower total cost per 100 ton. In Figure 9.2, the total costs per cost component per scenario
are given. Although the setup costs are indeed lower in the old situation, all other cost components
are higher. The largest difference is found at the production cost. In-depth analysis reveals that in all
scenarios a relatively higher quantity is produced at the largest two production lines compared to the old
situation. Hence, as these lines produce the most cost-efficient, a substantial cost reduction is obtained.
This cost reduction is likely explained by the implementation of the optimization planning model, which
is able to allocate production orders cost optimal to the different machines.

Figure 9.2: Total costs per 100 ton per component per classification scenario
Taking into account the CI’s, it can be claimed with 95% confidence that the total costs per 100 ton are
smaller for every scenario compared to the old situation. The smallest difference between a scenario and
the old situation is found at scenario 1, rendering a cost reduction of 4.0%. The largest cost reduction is
found between the lower bound of scenario 2 and the old situation, leading to a cost reduction of 7.7%.
On average the scenarios render a cost reduction of 6.4% over the old situation. The same goes for both
performance metrics; With 95% confidence it can be claimed that the true mean of the MEF and fillrate
for all scenarios lies above the values for the old situation. The MEF and fillrate are on average improved
by 8.1% and 5.4% respectively. Hence, the old situation is improved on costs and on both service levels.

9.6.3

Comparison between scenarios

In addition, the different scenarios are compared to each other. Recall that the four scenarios represent
alternative quadrant classifications for the MTO-MTS partitioning. Overall, all scenarios perform better
than the required target fill rate of 95%. Yet, the fillrate decreases whenever the number of MTS
items decreases, which is not directly expected. Although some scenarios score higher than others on
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the fillrate, the MEF metric is more important. Hence, as all achieve an adequate fillrate level, MEF
performance is leading.
For the MEF, only scenario 1 renders a
MEF performance above the required 95%.
Scenario 3 and 4 perform equally on the
MEF, and only slightly beneath the target.
However, there is a substantial difference
between the costs of scenario 3 and 4, caused
by higher inventory and production cost as
can be seen in Figure 9.2. Hence, as the
MEF performance is equal, it can be concluded that scenario 4 outperforms scenario
3. However, the remaining three scenarios
do not score similarly on the MEF, while the
costs are also different. To be able to better compare the remaining three scenarios,
an efficient frontier is composed by running
additional simulations on one scenario. This
way, the costs can be obtained for alternative
MEF performance measures. Scenario 4 is
chosen to build the efficient frontier, since its
performance is likely to be superior. Three
Figure 9.3: Efficient frontier
additional sets of five replications are performed to build the frontier and approach the
MEF of the other scenarios. The outcomes of these simulations can be found in Appendix L. In Figure
9.3, the efficient frontier is visually presented along with the different scenarios. In general, the solutions
to the right of the frontier are inferior, in terms of the performance measures on the axes, to the solutions
forming the frontier. As the scenarios can now be compared to each other at an equal MEF level, the
following observations are made. As scenario 1 renders much higher costs at a similar MEF, scenario
4 outperforms scenario 1. From Figure 9.2, it is obtained that higher inventory and production costs
causes these higher costs for scenario 1. The higher inventory costs are a natural consequence of the
highest number of active MTS items. Furthermore, scenario 2 is almost placed at the frontier, whereas
only small differences are found between the performance measures. This is likely explained by the fact
that the production strategies of only a hand-full of items with low demand, having little impact, vary
between the scenarios. Moreover, as discussed before, scenario 4 outperforms scenario 3, which can also
be found in Figure 9.3. The costs for scenario 2 and 4 are significantly lower than the costs for scenario
1 and 3. The similarity between scenario 2 and 4 is the high volume - high variability quadrant assigned
to MTO. Hence, it is likely that the costs for increased safety stock levels for these items are higher than
the benefits of producing economically efficient, and thus MTO is more beneficial for these items.
However, the CI’s partially overlay on some measures. Yet, it is possible that the two statistics
(the means) are statistically different. To test whether the cost means of two scenarios are statistically
different, the t-test for unknown and unequal variances is used, also called the Welch’s t-test (Montgomery
and Runger, 2014). In Appendix M, the complete testing procedure with formulas is given. This
procedure, assuming α = 0.05, is applied to the costs outcomes per scenario. For scenario 1, it is found
that the null-hypothesis can be rejected when comparing scenario 1 with 2 and 1 with 4. Hence, at the
0.05 level of significance, there is enough evidence that the costs of scenario 1 are higher than the costs
of scenario 2 and 4. However, it cannot be stated with 95% confidence that the means between scenarios
2, 3, and 4 are different. Moreover, the CI’s of the MEF measures also overlay each other. Therefore, it
is not known with 95% confidence that the metrics are statistically different.

9.6.4

Comparison with alternative scenarios

Apart from the four classification scenarios, four alternative situations are tested, see section 9.3. In
Table 9.2, the outcomes of the KPIs for the alternative scenarios are presented. In Appendix L, the
results are also visually presented. As scenario 4 is labelled as the superior one of the classification
scenarios, the alternative scenarios are compared to this one.
Looking at the costs, a substantial difference is observed between scenario 6, and the other scenarios.
In Figure 9.4, it is observed that the increased costs are mainly caused by the higher production cost. In
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Situation
Scenario 4
Scenario 5
Scenario 6
Scenario 7
Scenario 8

Costs (e/100 ton)
51,726 ± 1012
51,978 ± 754
55,916 ± 1,125
52,005 ± 917
52,018 ± 664

MEF
94.14
94.33
93.36
93.83
92.11

metric
± 3.13
± 1.64
± 1.83
± 1.42
± 2.53

Fillrate
95.56 ± 3.96
94.75 ± 4.43
96.03 ± 3.12
95.47 ± 2.83
94.31 ± 3.79

Total setup time (hr)
962.5
1031.4
995.7
910.1
983.8

Table 9.2: KPI outcomes per alternative scenario
addition to this, the MEF performance level in scenario 6 is lower compared to scenario 4. Hence, as the
performance of scenario 6 is worse on multiple fronts, it is not recommended to the company to include
MTA items in the product portfolio. Due to clarity reasons, scenario 6 is not included in Figure 9.3.
In Figure 9.3 both scenario 5 and 7 are plotted, and are situated to the right hand side of the efficient
frontier. For scenario 5, it can be seen that costs are higher at a similar MEF level. Looking into the
different cost components, see Figure 9.4, a decrease in inventory costs is observed, which is a logical
result of the (R, s, S) model. Moreover, the production costs are somewhat lower, but the setup costs
are much larger. See also Table 9.2, where an increased total setup time is found for scenario 5. Since
the (R, s, S) control model the number of setups increases, also the (setup) costs increase significantly.
Furthermore, the fillrate, Table 9.2, is lower than the target of 95%. Hence, as performance is worse
on multiple fronts, scenario 4 outperforms scenario 5. Thus, an (R, s, nQ) inventory control model is
recommended over an (R, s, S) model. For scenario 7, also higher costs are found at a similar MEF
level as observed in Figure 9.3. Looking at the different cost components, Figure 9.4, an increase in
inventory costs and a decrease in setup costs is observed, which is logical result of the increase in MTS
items. Yet, altering the DVA bounds, does not render improved results. Last, in scenario 8, where
the Q’s are decreased, the costs are higher compared to scenario 4. More importantly, the MEF is
substantially lower compared to all scenarios. Also the fillrate is lower than the required fillrate of 95%.
So, although decreasing the order quantities Q is beneficial in terms of flexibility, it increases overall costs
and decreases the service levels. Hence, it is not recommended to the company to decrease the order
quantities Q. Note, that for clarity reasons of the other scenarios, scenario 8 is not plotted in Figure 9.3.

Figure 9.4: Total costs per 100 ton per component per alternative scenario
Looking at the CI’s of the costs, the intervals of scenario 6 and the other scenarios do not overlap.
Therefore, it can be claimed with 95% confidence that the costs are significantly different. However,
for the MEF measures and fillrates, the CI’s are overlapping each other somewhat. Hence, it cannot be
claimed with 95% confidence that the outcomes are statistically different.
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Conclusion
The aim of this thesis is to improve the production-inventory model while decreasing costs and maintaining the service level. A new MTO-MTS decision framework is proposed in combination with a revision of
the inventory control model. Furthermore, a MILP production planning model, adapted from literature,
is given. At last, a case study and a simulation study are performed applying the proposed designs to
the case company and measuring the performance of different scenarios. In this chapter, the conclusion,
theoretical contribution, and limitations are presented.

10.1

Conclusion and recommendation

In this section, the research questions as specified at the start of this project are answered and the main
conclusions that can be drawn are discussed.
1. What are relevant product characteristics and parameters, and how can the products be meaningfully
clustered based on these?
2. What are relevant characteristics, in terms of restrictions and constraints, for the production and
inventory of each product, and what are the relevant costs?
3. What MTO-MTS partitioning decision frameworks can be found in literature, which is suitable for
the problem context and how can the products be classified based on this?
4. Which inventory control model is most suitable for each product cluster considering both the inventory and manufacturing context?
5. How can a block planning concept be integrated into production planning given the context in terms
of input material availability and production constraints?
6. How does the redesign perform compared to the old situation? And how sensitive is the performance
for certain model parameters?

10.1.1

Relevant product characteristics, parameters and costs

After an initial analysis of the products, Chapter 4, it is found there are large differences in the product
portfolio. From a sales perspective, the products vary largely in terms of order frequency, annual demand,
and number of customers. Furthermore, analyzing the demand patterns specifically renders insights in
the relatively large variability in demand sizes for a majority of the products. In addition, the intermittent behavior, large number of zero demand weeks, of the products stands out. From a manufacturing
perspective, it is found that setups have a huge impact on the production due to setup sequence dependency caused by the risk of contamination. In addition, due to the limitations of intermediate storage
and campaign production of the raw material, production between the raw material input plant and
end-product plant should be aligned if possible. This imposes restrictions on the production of certain
products. However, this opens up the opportunity for combining such products into certain campaigns,
called blocks. Hence, a meaningful way to cluster the products is based on the raw material: the resin.
Additionally, multiple different costs are defined as required for the remainder of the research. These
include production costs, setup costs, and inventory costs, composed out of handling and holding costs.
Furthermore, all changeovers (setups) are mapped and documented. Also, production and inventory
constraints, like minimum and maximum production quantities and storage restrictions are obtained.

10.1.2

MTO-MTS partitioning decision framework

As discussed in Chapter 3, current literature on hybrid MTO-MTS systems is scarce. In most of the articles concerning MTO-MTS partitioning decision frameworks, an analytical model using queuing theory
is presented. However, all these models have several drawbacks in the form of extensive assumptions to
reduce complexity, or intractability due to computational complexity. Considering the complex production environment of the case company, a queuing analysis approach is deemed impracticable. Another
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stream of research, more qualitative of nature is aimed at finding a location for the CODP and variables
and factors influencing this location. However, these are more exploratory and do not provide guidelines
for the exact determination of production strategies. An alternative model by Soman et al. (2004) incorporates several theoretical concepts to guide the complex partitioning problem found in literature. At
the same time, the tool can be implemented in a software tool, such that it is easy to use by managers as
a decision aid. Moreover, products are analyzed from multiple different perspectives. As currently only a
sales perspectives is taken, important production characteristics are ignored, this framework overcomes
this deficit. The model, covering four different levels, is adapted from literature and implemented for the
case company. Subsequently, service considerations, a demand analysis, cost considerations, and capacity
considerations are reviewed. One of the main aspects of the model is the division of the products into
four quadrants based on two dimensions: demand volume and demand variability. After the complete
analysis, the majority of the products, 152 SKUs, is classified as MTO. The other 27 SKUs are classified
as MTS. In a simulation study, alternative classifications are tested.

10.1.3

Inventory control model

Based on the problem context, available control systems are evaluated on their applicability in Chapter
6. After analyzing the demand patterns, no trend is found in 92.6% of the items, therefore stationary
behavior is assumed. Eventually, the (R, s, nQ) model is proposed for the case company. The choice for a
period review policy is based on two observations. First, the inability of master planners to review reorder
levels on a daily basis, let alone to continuously review. In addition, due to the campaign production
of the resin material and required alignment of the subsequent plant, there is no point to continuously
review products. A fixed replenishment quantity is chosen due to the high impact of setups, requiring
efficient batching to reduce costs. However, the variable counterpart is later tested in the simulation
study. The parameters of the control system are determined and based on the problem context and
literature. The Q is set by the the EOQ, and subsequently the reorder level is by a search procedure
as implemented in the DoBr-tool. The demand distribution is modelled using an empirical distribution,
obtained by using a bootstrapping procedure for intermittent demand to increase the amount of data.

10.1.4

Block planning production model

In an extensive literature review prior to this research, it is found that a block planning approach is an
applicable model concept for the problem context considering sequence-dependent setups and multiple
non-identical parallel machines. In block planning, products are clustered in blocks given a fixed sequence,
which subsequently can be scheduled on the production lines. For the case company, these blocks are
defined based on the raw material, this way raw material availability and production alignment with the
raw material plant can be ensured. An MILP formulation is presented, Chapter 7, minimizing the overall
production, setup and holding costs. The model decides which products are produced in what quantity
at what time on which production line such that service level constraints are met. Compared to current
literature, several extensions are added to allow for different types of blocks, different timing and lengths
per block per line, backorders, minimum order quantities, and service level constraints. Furthermore, a
fixed block planning is assumed, i.e. the timing of the different types of blocks are predetermined for the
planning horizon. A mathematical optimization solver is used to solve the MILP model.

10.1.5

Redesign performance

To test the performance of the redesign, a simulation study is performed. In the simulation, the four
non-identical parallel machines of the case company are modelled. Production is planned by the proposed
MILP formulation and inventory is managed by the proposed inventory system. In addition, products are
classified based on the proposed MTO-MTS decision framework. The performance of different scenarios
is measured based on four KPIs: Total relevant costs, MEF metric, Fillrate, and Total setup time. The
first four scenarios considered alternative classifications of quadrants to the MTO and MTS strategy.
It can be concluded that all proposed scenarios perform better compared to the old situation on cost,
MEF, and the Fillrate. Only a slight increase in total setup time is found. For the total cost, a reduction
ranging between 4.0% and 7.7% can be obtained. The largest cost reduction is found at the production
costs, likely caused by the optimal production scheduling of the MILP model. In addition, all scenarios
perform better on both MEF and fillrate, on average 8.1% and 5.4% higher respectively. Hence, it is
recommended to incorporate the production model into the current planning and scheduling activities.
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In general, all classification scenarios rendered a fillrate above the target 95%. Yet, to be able to
better compare the scenarios to each other on cost and the MEF, an efficient frontier is presented.
Scenario 4, incorporating the least amount of MTS items, rendered overall the least amount of cost at
different MEF levels. Yet, scenario 2 performs almost likewise. Hence, in general, it is recommended to
decrease the number of MTS items.
In addition, four more alternative scenarios are tested, and compared to the optimal classification
scenario, scenario 4. An (R, s, S) inventory control model is tested in scenario 5, and renders higher
costs at a similar MEF level. As expected, lower inventory costs are found compared to scenario 4. Yet,
due to a higher required setup time, setup costs are much higher. In addition, the fillrate is lower than
the target of 95%. Scenario 6 considers the addition of MTA items, all items with at least one order
per two months are classified as MTA. Comparing this scenario to the efficient frontier of scenario 4, it
can be concluded that this scenario renders substantial higher costs at an equal MEF level. Hence, the
addition of MTA items is not recommended. Scenario 7, with alternative DVA cut-off values, also leads
to increased costs at similar MEF. The last scenario, scenario 8, considers decreased Q’s. A substantial
lower MEF is found along with a fillrate lower than 95%, also costs are higher than scenario 4. Hence,
it is not recommended to decrease the order quantities Q.
To summarize, scenario 4, where only the high volume, low variability quadrant is classified as MTS,
performs the best, and is recommended to the company. Compared to the old situation, a cost reduction
of 6.99% is found at a MEF performance level of 95%, and a fillrate of 95.9%. Thereby increasing the
MEF performance level with 8.86% and the fillrate with 4.71%.

10.2

Theoretical contribution

Apart from finding a solution to a company’s problem, this research also contributes to current literature.
The theoretical contribution of this research is two-fold. The main contribution is the formulation of the
MILP production planning model integrating the block planning concept. Currently, only a handful of
articles are found concerning this topic. General situations and features found in practice, are not yet
fully covered by available models, and hence a gap exists. As discussed in the possible extensions and
modifications section of the article by Bilgen and Günther (2010), alternative block patterns could be
defined. In this research, this extension is introduced. The formulation is adapted such that different
type of blocks can be scheduled. Moreover, the length and timing of blocks are not restricted and assigned
to fixed macro-periods, e.g. a week. In the presented model, every macro-period is unique and can vary
in length (measured in hours), and is not bounded to the end of a certain week or day, but is able to end
at any moment on the continuous time scale. Yet, Lütke Entrup et al. (2007) assumed different blocks,
however these have a fixed sequence per day and are assigned to a specific day, such that still no flexibility
is obtained. Another mentioned modification, is the extension of backorders, as often encountered in
practice. To the authors knowledge, this is the only production planning formulation concerning the
block planning concept which includes backorders. Moreover, three additional service level constraints
are newly formulated. Two constraints track late orders by making use of the big-M method, the other
constraint ensures a predefined service level is achieved. This is the first study which includes such service
level constraints. At last, the proposed model includes a minimum order quantity constraint, which is
not found in the original model. Overall, the model extents current literature by including issues and
features encountered in many practical situations. Moreover, this research is a pioneer in integrating
a block planning concept in the (petro)chemical industry. Yet, as many resemblances in underlying
concepts and assumptions can be found in similar process industries, the results can likely be generalized
to other industries, e.g. consumer goods industry, the production of cosmetics, food or beverage, and
the steel industry.
Secondly, no extensive literature is available concerning the MTO-MTS partitioning decision framework. In this research, the framework is adapted and extended to include additional features, e.g. the
warehouse capacity check, minimum and maximum order quantities, alternative reorder level setting.
Thereafter, the framework is applied to a case company in a complex production environment. Important insights in the applicability of the model are obtained for further research.

10.3

Limitations

In this last section, some limitations of this research are discussed. First of all, sales figures are used
instead of real demand figures as the case company does not store lost demand of customers. Therefore,
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all performed calculations, e.g. reorder level calculations, are performed on demand data which is
possibly lower than the real demand. Hence, reorder levels could be underestimated, and future demand
of customers is possibly not fully met. Keeping record of this demand, prevents possible underestimation
of reorder levels in the future and the possibility of losing customer demand and thus income.
Secondly, fixed lead times are assumed in the determination of reorder levels. Due to the manufacturing context, it is possible the replenishment orders are delivered not exactly L time units later. However,
in the current research, it was not possible to measure the variance of this lead time. As a result, the
standard deviation of demand during the lead time (plus review period) increases. Consequently, this
would render a higher reorder level to maintain the same service level. Current reorder levels could
therefore possibly be underestimated. In future research, an analysis of the lead time variance could be
performed using the simulation as performed in this research.
Thirdly, in the simulation study, a static block planning is used as input. In reality, however, the
block planning could be adjusted based on the observed demand at that moment. Whenever one block
experiences higher than normal levels of demand, an extra block could be added, or the blocks could
be prolonged. The same is possible the other way around; Whenever a decreased level of demand is
observed for a certain block, this block could be removed from the planning or its length altered. This
dynamic effect is not incorporated in the model, however in real life this could be possible. As seen
in the simulation outcomes, the MEF and fillrate were relatively unstable to the level of total demand
volume, see Appendix L. Hence, in real life, considering these possible adjustments, these measures could
be improved. Future research could be aimed at improving the model by improving the assumption that
the block planning is given and fixed. Under- or overage capacity usage could be captured by dynamically
altering the blocks. This way capacity can be divided better over the different blocks.
Fourthly, the production planning model assumes ample raw material availability. Since the block
planning is based on the campaign planning of the raw material production, disturbances in the availability of raw material deteriorates the performance of the service levels. Yet, as ample raw material
availability is assumed in the simulation study, the obtained measures for the service levels are likely
to be somewhat overestimated. Likewise, unpredictable maintenance, and other upstream disturbances,
leading to a disruption in the production, are not taken into account.
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Appendix A

Generic expressions for KPI’s
As introduced by Donselaar and Broekmeulen (2014), general expressions can be given for multiple
important KPI’s. These expressions are the backbone of the DoBr-tool, designed by Donselaar and
Broekmeulen, which is used in this research to determine reorder levels.
Assuming a constant and deterministic lead time, backordering, non-perishability, and discrete demand, the following generic expression is given for the expected inventory on hand at time t, with
t ∈ [L, R + L):




E I OH (τ + t) = E (IP (τ ) − D(τ, τ + t))+
∞
X


=
P (IP = k)E {k − D(τ, τ + t)}+
(substitute i = k − s)
k=−∞
Q−1

1 X 
E {s + i − D(τ, τ + t)}+
=
Q i=0

=

Q−1 ∞
1 XX
{s + i − d}+ P (Dt = d)
Q i=0
d=0

Q−1 s+i−1
1 X X
{s + i − d}P (Dt = d)
Q i=0

=

(A.1)

d=0

Following from Equation (A.1), the expected number of backorders at time t, with t ∈ [L, R + L), is
given by:


E[BO(τ + t)] = E (D(τ, τ + t) − IP (τ ))+


= E (IP (τ ) − D(τ, τ + t))+ + E[D(τ, τ + t) − IP (τ )]


= E I OH (τ + t) + E[D(τ, τ + t)] − E[IP (τ )]


Q−1
= E I OH (τ + t) + E[D(τ, τ + t)] − s −
2
=

Q−1 s+i−1
1 X X
Q−1
{s + i − d}P (Dt = d) + E [Dt ] − s −
Q i=0
2

(A.2)

d=0

The fillrate, P2 , is then given by:
E[BO]
E[D(τ + L, τ + R + L)]
E[BO(τ + R + L)] − E[BO(τ + L)]
=1−
E[D(τ + L, τ + R + L)]
E [{D(τ, τ + R + L) − IP (τ )}+ ] − E [{D(τ, τ + L) − IP (τ )}+ ]
=1−
E[D(τ + L, τ + R + L)]
P∞
P
(IP
=
k)
(E [{D(τ, τ + R + L) − k}+ ] − E [{D(τ, τ + L) − k}+ ])
= 1 − k=−∞
E[D(τ + L, τ + R + L)]

P2 = 1 −

=1−

1
Q

PQ−1 P
i=0

d=s+i+1

[P (DL+R = d) − P (DL = d)] {d − s − i}
E [DR ]

(A.3)

For the remaining expressions of the KPI’s, the reader is referred to the work of Donselaar and Broekmeulen (2014).
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Appendix B

Product analysis
In Figure B.1, a scatter plot of the SKUs is presented. On the x-axis, the annual demand in kg is given
on a logarithmic scale. The y-axis represents the number of orders (consolidated on a weekly basis) per
year. Note, four SKUs with a demand lower than 1000 kg are omitted to enhance visual clarity. It can
be observed that there is a positive correlation between the yearly number of positive demand weeks and
the annual demand of an SKU. In other words, the larger the number of orders, the larger the annual
demand.

Figure B.1: Annual demand vs. Number of orders
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Appendix C

EOQ model
Minimum and maximum order quantity
In Figure C.1, the well known u-shape function of the total cost is observed when costs are expressed as
functions of the replenishment quantity. This function is the sum of the holding cost, which increases as
Q increases, and the replenishment cost, which decrease as Q decreases. The economic order quantity
(EOQ) is found at the minimum, the lowest point of the total cost function. Since, the function is convex
there is only one global minimum. Let’s assume there is a minimum order quantity (Min OQ), and the
Min OQ is higher than the derived EOQ, see Figure C.1. Then the best feasible order quantity, which
is the lowest feasible point on the cost curve, must be equal to the Min OQ. The same goes for the
maximum order quanity (Max OQ). If the Max OQ is lower than the EOQ, then the first feasible point
would be the Max OQ itself. Note, in reality ordering would be infeasible if the Min and Max OQ in the
example figure would be active simultaneously.

Figure C.1: EOQ with minimum and maximum order quantity
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Appendix D

Batchsizes per machine
Historical
Per production line, the historical batch sizes can be presented using a box plot, see Figure D.1. It can
be easily observed that production lines 14 and 15 produce the largest batch sizes on average, while
lines 11 and 18 produce much smaller batch sizes. This is a logical finding, reasoning that the according
production speeds of these lines are much lower. For line 91, the largest batch sizes are found. As this
line has a much smaller product portfolio, it has to switch less between different products. Hence, larger
batch sizes can be produced.

Figure D.1: Boxplots of historical batchsizes
Simulation
Per production line, the simulation batch sizes (of one arbitrary replication) can be presented using a
box plot, see Figure D.2. In line with the historical batch sizes, Figure D.1, the largest batch sizes are
observed at lines 14 and 15. The smallest batch sizes are found at lines 11 and 18.

Figure D.2: Boxplots of simulation batchsizes
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Appendix E

Interviews manufacturing
Interviewees
The conducted interviews were with the employees from the manufacturing department, more specifically
the employees responsible for the scheduling and planning of the LXF plant of SABIC. Please note, the
following interview format is conducted in multiple sessions.
Interview format
• Introduce yourself and introduce the interviewee to the project your conducting
• Explain that this interview will be about the planning and scheduling of the blocks. More specific,
information regarding the blocks and the sequence-dependency of the products
General questions of the blocks (198, HP, HQ, Transparent, Rest, Special)
• What kind of products are produced in these blocks?
• How often are these products produced?
• What effects the frequency of production?
• Which actions must take place during the transition / conversion from one block to another block?
– What kind of cleaning operations?
– What about offspec production?
• Are these actions dependent on the blocks that are switched between?
– What is the cause of this?
– If so, in what do these actions differ?
∗ In terms of work performed
∗ In terms of labour force required
∗ In terms of size (duration)
• Does this also depend on the production line where the transition takes place?
• Can an estimate be made of the required transition time (setup time) between the different blocks?
– Does this depend on other factors?
• As far as known, what kind of costs are associated with these changeovers? For example, the degree
to which cleaning has to be done, or the number of workers required for this
– How do these depend on the type of transfer?
• How are the blocks set in the system?
– How is it determined which order is placed in which block of the corresponding type?
– How are the changeovers taken into account in the system?
Production lines (EX11, EX14, EX15, EX18, EX91)
• Can the four production lines theoretically produce the same portfolio?
• What production portfolio can line EX91 produce?
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– What is the reason for this difference?
• Can any block be scheduled on any line?
• How do the lines differ?
– How are these differences dealt with / used in practice?
• Are the lines generally operational 24/7?
– Is there routine maintenance?
– How is this planned?
– Who is responsible for that?
For each of the following blocks, the upcoming questions are asked: 198 block / HQ block / HP block /
Transparent block / Rest block / Special block
• What grades are produced in this block?
• What kind of resin is needed for each grade?
• What are the main differences in the grades of this block?
– How does this effect the planning?
• If two different resins are needed for one product, how does this effect the planning withing the
block?
– For example, sequencing of products with the same resin
• Are there any cleanings for changeovers between two different grades?
– What causes these cleanings?
– What are the requirements (in terms of material/labor) for such a cleaning?
• Are there any cleaning for changeovers between two grades within the same grade?
• Does this apply to all grades within this block or does it differ per grade combination?
• If there are multiple resins within a block, does this differ for the different resin?
• Are there any cleanings between transitions in the same grade (when the color differs)?
• If applicable, what are the estimates for the changeovers (in terms of time)?
• Is a minimum production quantity used for these grade-colors?
– If so, what are these based on / dependent on?
• What are the things to take into account when sequencing/scheduling the products in the block
– How is the process of scheduling/planning organized?
– What are the main drivers that determine the sequence?
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Appendix F

Changeover overviews
As no tangible, written information is available concerning the production setups, multiple interviews
are conducted with the manufacturing department, see Appendix E. Expert knowledge is consulted to
obtain the relevant information. Based on all the obtained information, overviews per block are made,
including the different changeovers between products. In these overviews, products within a block are
again clustered on several characteristics. Hence, inter- and intra cluster changeovers are obtained. In
Figure F.1 and F.2, two examples of overviews are presented. All names and numbers are removed or
changed due to confidentiality reasons.

Figure F.1: Cleaning overview of block X

Figure F.2: Cleaning overview of block Y
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Setup time determination
Apart from the cost, the average setup times per SKU, S, are also an important input variable for the cost
model. As previously discussed, see section 2.3, setups in the form of cleanings play a substantial role in
production. In addition to their impact, they are also sequence-dependent. As a result, they cannot be
simply derived. In master production data this data was also not available, as all data concerning setup
times was aggregated, and no details were known. In addition, no general, tangible (written) information
was available concerning these setups/cleanings. Therefore, multiple interviews were conducted with
people of the manufacturing department responsible for the planning and scheduling of the products.
The findings of these interviews can be summarized into the following points:
• In general, between two production runs of a grade-color a cleaning is required. The setup time, i.e.
the time of the cleaning, depends on the how ’badly’ the production line needs to be cleaned. This
is the case in all blocks. The degree to which the production needs to be cleaned depends mainly
on the contamination risk when going from one product to another. This contamination can be
caused by color difference, but also through additives which can cause the subsequent material to
be off-spec (bad quality). In addition, healthcare and products for food packaging purposes (FDA)
grades require more extensive cleaning before they are produced.
• The degree to which a cleaning is required is defined in a cleaning-code. Each cleaning code
indicates which activities need to be performed by the employees at the production line. As these
activities differ in how long they take, each cleaning code can be defined by a time: the setup time.
As the activities are the same for all lines, setup times are independent of the machine.
• Products with alike characteristics are often produced in sequence. For example, products with
similar like colors and/or additives are combined as much as possible.
The following calculations are performed to derive the estimations of the setup times per SKU,
starting with calculating the setup times per grade-color:
1. Based on the transition information from the overviews, per grade-color the basic changeover time
is taken as a starting point. Based on differences between inter- and intra-cluster changeover times,
one of following steps are taken:
• If there is no difference between the transition time within a cluster and the time to changeover
to another cluster, For example in the 198 block, see Figure, the bottom-left clusters all have a
transition time of 1.5 hour, a changeover (from any grade-color in that block) to the top-right
cluster takes also 1.5 hour. Hence, the average transition time is 1.5 hours for all grade-colors
in the two bottom-left clusters. The same goes for the top-right cluster, but with a transition
time of 4 hours.
• If there is a difference between intra-cluster changeovers and inter-cluster changeovers, the
basic changeover time needs to be adjusted. The total changeover-time per cluster will then
be divided over the GCs in the cluster. This while all the products in the cluster are responsible for the intra-cluster cleaning, and therefore should be accounted for this cleaning. This is
calculated by estimating the number of other grade-colors with which the intra-cluster transition is shared, this number is derived by using the probability a GC having positive demand
(based on historical data). For the 198, rest, and transparent block these are determined on
a weekly basis, as these are produced weekly. However, as the HP and HQ blocks are only
produced once per month and once per three months respectively, demand is consolidated to
a monthly and three-monthly basis for these blocks. In general, the expected number of other
grades for grade-color i is, assuming independent demand between products:
X
E[Xi ] =
P (X = x) · x,
(G.1)
P
where X =
G \{i} (sum of independent random variables)
G = grade-colors in cluster.
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As an example, assume cluster 1 has 3 grade-colors, A, B and C, with P (DGC > 0) is 0.5,
0.25, 0.25 respectively. The expected number of other GCs (X) for GC A can be computed
by: E[XA ] = P (DB = 0)P (DC = 0) ∗ 0 + P (DB > 0)P (DC = 0) ∗ 1 + P (DB = 0)P (DC >
0) ∗ 1 + P (DB > 0)P (DC > 0) ∗ 2 = 0.25 ∗ 0.75 ∗ 1 + 0.75 ∗ 0.25 ∗ 1 + 0.25 ∗ 0.25 ∗ 2 = 0.5.
And for GC B, E[XB ] = P (DA > 0)P (DC = 0) ∗ 1 + P (DA = 0)P (DC > 0) ∗ 1 + P (DA >
0)P (DC > 0) ∗ 2 = 0.625.
Moreover, assume the inter-cluster changeover is 1.5 hour and the intra-cluster changeover
is 4 hours. Then the average setup time for grade color A is based on the total changeovers
required in the cluster. An intra-cluster changeover is always required, but also inter-cluster
changeovers are required equal to the expected number of other GCs in the cluster. The
average is then computed by dividing the total changeover time by the expected number of
= 3.17
GCs (other GCs plus GC itself). For GC A of the example, this renders: 4+(0.5·1.5)
1+0.5
hours.So the average changeover time for GC A is 3.17 hours. For GC B this would be:
4+(0.625·1.5)
= 3.04 hours. As grade-color B, on average, has more other GCs with demand in
1+0.625
his cluster, it is as expected that the average changeover is lower.
2. After an average changeover time is determined per grade-color, the changeover time needs to
be reduced to an SKU level. Once more, the probabilities of positive demand for the SKUs are
used in combination with the number of SKUs in one grade-color. Similarly, the probabilities
of positive demand for the SKUs are calculated based on the frequency of the blocks. Based on
these probabilities it is estimated how many SKUs share the total grade-color changeover time.
Moreover, it is assumed that the changeover time is distributed equally over SKUs independent of
the demand volume. The following steps are taken based on the number of SKUs in a grade-color:
• If there is only one SKU active in the grade-color, the estimated average changeover time can
be directly used for the SKU.
• If there are two or more SKUs in the grade-color, the estimated average changeover is adjusted
in a similar way as before. Assume grade-color A has an average changeover time of 1.25
hours, and has 3 SKUs, A1, A2, and A3, with P (DSKU > 0) = 0.1, 0.2, 0.5 respectively. The
average changeover time for A1 can be estimated by: (DA2 = 0)P (DA3 = 0)∗(1.25)+P (DA2 >
0)P (DA3 = 0)∗(1.25/2)+(DA2 = 0)P (DA3 > 0)∗(1.25/2)+(DA2 > 0)P (DA3 > 0)∗(1.25/3) =
(1−0.2)(1−0.5)∗1.25+(0.2)(1−0.5)∗0.625+(1−0.2)(0.5)∗0.625+(0.2)(0.5)∗0.4167 = 0.8542
hours. The same line of reasoning can be followed for the other SKUs.
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Appendix H

Derivation EOQ with handling cost
In the current context, the holding cost consists out of an extra component: the handling cost, Ha. To
be able to obtain the correct EOQ formula, the formula is derived from scratch given the current cost
settings. First, an expression for the average annual ordering cost is derived. The ordering cost in a cycle
can be given by C(Q) = K + cQ, where K is the fixed ordering/setup cost, and c the unit cost. Assume
the demand rate is λ, then Q units are consumed in T = Q/λ time units. To obtain the order cost per
unit time, C(Q) is divided by T . Now consider the holding cost. As inventory declines linearly to 0, the
average inventory level is Q/2. As all cycles are equal, the average inventory level over the whole horizon
is also Q/2. To obtain average holding cost, i.e. the storage costs that are defined by cost per unit per
unit time, the average inventory level is multiplied by those costs: hQ/2. However, the handling costs,
Ha, are paid only once per kilogram. The handling costs per cycle can be given by Ha ∗ Q, as the whole
order quantity enters and exits the storage in one cycle. Similarly to the order cost, the handling cost
per time unit is then obtained by dividing through T . The average annual cost, G(Q), is given by:
G(Q) =

K + cQ hQ HaQ
+
+
,
T
2
T
=

where T = Q/λ

Kλ
hQ
+ λc +
+ λHa
Q
2

To find Q such to minimize C(Q), take the derivative over Q:
G0 (Q) = −

Kλ h
+
Q2
2

and,
G00 (Q) =

2Kλ
Q3

As the second derivative, G00 (Q), is larger than zero, it follows that G(Q) is convex. To find the optimal
optimal value, set G0 (Q) equal to zero:
Kλ h
− 2 + =0
Q
2
2Kλ
Q2 =
h
r
2Kλ
Q∗ =
(H.1)
h
From the derived equation, it can be observed the optimal Q is independent of the handling cost, Ha,
similar to the proportional ordering cost, c. This is a logical finding, reasoning that the average handling
cost over a certain time period is exactly the same given any value of Q. Hence, the original EOQ formula
can be used (without incorporating the handling cost in the holding cost).
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Appendix I

Lagrange relaxation
The service level constraint in the simulation study is found to be too bounding in many situations.
Hence, to ensure feasibility the constraint is transformed and added to the objective function with a
Lagrange multiplier, η. As it is a minimization problem, the Lagrange multiplier should increase the
objective value whenever the target service level constraint is violated. Constraint (7.18) is transformed
by taking the right-hand side of the equation to the left-hand side of the equation. Subsequently, the
left-hand side multiplied by the Lagrange multiplier is addedP
to thePobjective function, Equation (I.1).
As can be observed, whenever the sum of total backorders, p∈P τ ∈D spτ , is larger than the target
P
+
service level (in this case the total number of orders allowed to be backordered),
p∈P |Ep | · φ, the
objective function value increases. Note that when solving the adapted model the original service level
constraint is not included anymore, but is only incorporated in the objective function. Constraints (7.16)
and (7.17) remain in the model formulation as they are originally formulated.
Objective function
Minimize
X X

cProd
· akl · xkl +
kl

cSMajor
· Slt · σlt +
lt

l∈L t∈Tl

l∈L k∈Kl

+

XX
p∈P τ ∈D
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XX

cInv
p · Fpτ + η · [

X X

cSMinor
· skl · ykl
kl

l∈L k∈Kl

XX
p∈P τ ∈D

spτ − (

X

|Ep+ | · φ)]

(I.1)

p∈P
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Appendix J

Verification/Validation of simulation
In this appendix, the verification and validation process activities and results are discussed.
Verification
To verify the simulation model, multiple traces are performed. The first trace tests that for all MTS items
at an arbitrary moment, the IP should be equal to the IOH plus any orders to be delivered, scheduled
receipts (SR), minus outstanding backorders (BO). Hence, the following should hold:
IP = IOH + SR − BO

(J.1)

For MTS items, if a replenishment order is generated, then the order should be larger than or equal to
the difference between the reorder level and the inventory position. Correct implementation of the (R,
s, nQ) model and generation of replenishment orders is tested.
M AX[(Reorder level − Inventory position), 0] ≤ n · Q

(J.2)

For both MTO and MTS items, it should hold that for every day the IOH at the end of the day is equal
to IOH of the previous day, minus demand of the current day, D, plus assigned available production, P .
IOHt = IOHt−1 − Dt + Pt

(J.3)

For MTS items, the inventory position should follow a similar idea. The IP at the end of the day should
be equal to the IP at the end of the previous day, minus demand of the current day, plus any potentially
generated replenishment orders at the current day, SR.
IPt = IPt−1 − Dt + SRt

(J.4)

Validation
In addition, several extreme condition tests are performed. All tests rendered the expected results.
1. Zero demand. As no demand is generated, no production is required, and the performance
measures are equal to 1.
2. More demand than capacity. Whenever there is structurally more demand than capacity, the
performance of the system deteriorates over time.
3. Extreme long production times. This decreases the performance drastically, as demand cannot
be fulfilled due to the long production time.
4. Very high reorder levels. MTS demand can always be fulfilled, rendering a fillrate of 1.
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Appendix K

Rank Von Neumann ratio test
As described in the research by Bartels (1982), for small samples it is convenient to work with the
numerator of the Von Neumann ratio. The test statistic, N m, given by:
Nm =

n−1
X

(Ri − Ri+1 )2

(K.1)

i=1

By generating the full set of permutations, calculating N m for each permutation, and constructing a
frequency table, the randomization distribution of the N m statistic can be obtained for the first T
integers. In Table K.1, the exact tail areas of the resulting distributions are given for T = 5 as presented
in the work of Bartels (1982). Note that only the values around the critical one-tailed probabilities of
α = 0.005, 0.01, 0.025, 0.05, and 0.1 are presented in the table.

T=5

c0 = 4
7
10

Left Tail, P(N m ≤ c0 )
0.0167
0.0500
0.1333

c0 = 35
33
30

Right Tail, P(N m ≥ c0 )
0.0333
0.0667
0.1333

Table K.1: Critical values for the Rank Von Neumann ratio test
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Appendix L

Simulation outcomes
In Figure L.1, the performance of the first four classification scenarios is presented along with the old
situation. Moreover, the confidence intervals are given (dashed line).

(a) MEF per scenario

(b) Fillrate per scenario

(c) Costs (e/100 ton) per scenario

Figure L.1: KPI outcomes per classification scenario
In Figure L.2, the performance of the four alternative scenarios are visually presented for scenario 4,
5, 6, 7, and 8.

(a) MEF per scenario

(b) Fillrate per scenario

(c) Costs (e/100 ton) per scenario

Figure L.2: KPI outcomes per alternative scenario

Simulation outcomes for Efficient Frontier
To be able to build an efficient frontier, three additional simulations are run. For scenario 4, alternative
MEF performance levels are obtained. The performance in terms of KPI outcomes can be found in Table
L.1. As expected, it can be found that an increasing MEF performance level leads to higher costs.
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APPENDIX L. SIMULATION OUTCOMES

Situation
Scenario 4
Scenario 4.1
Scenario 4.2
Scenario 4.3

Costs (e/100 ton)
51,726 ± 1012
51,556 ± 754
51,867 ± 1,125
52,085 ± 917

MEF
94.14
93.52
94.64
95.31

metric
± 3.13
± 3.13
± 2.26
± 2.55

Fillrate
95.56 ± 3.96
95.56 ± 4.65
95.86 ± 3.71
96.00 ± 3.77

Table L.1: KPI outcomes per additional scenario
Service levels vs. Demand volume
For each replication in the simulation, a different demand stream is used. However, the quantity of the
total demand varies somewhat between the different replications. As a result, the performance in terms
of the fillrate and MEF metric per scenario differs over the replications. It is found that a higher total
demand deteriorates the performance measures, i.e. the higher the demand, the lower the performance.
In Figure L.3, the obtained fillrates per scenario per replication are presented in combination with the
total demand volume. In general, it can directly be observed that the fillrate moves in the opposite
direction of the total demand volume.

Figure L.3: Fillrate performance vs. Total demand volume per replication per scenario
The same is visible for the MEF metric, however this metric is somewhat more stable for changes in
total demand. In Figure L.4, the obtained MEF values per scenario per replication are presented in
combination with the total demand volume.

Figure L.4: MEF performance vs. Total demand volume per replication per scenario
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Appendix M

Welch’s t-test
The t-statistic, t0 , can be computed by (Montgomery and Runger, 2014; Moser and Stevens, 1992):
µ1 − µ2
t0 = q 2
s1
s22
n1 + n2

(M.1)

with degrees of freedom, v, approximated by:

v=

1
n1

1
n21 (n1 −1)

+
+

u
n2

2
u2

,

where u =

n22 (n2 −1)

s22
s21

(M.2)

and,
µ1 , µ2
s1 , s2
n1 , n2

Mean of sample 1 and 2 respectively;
Standard deviation of sample 1 and 2 respectively;
Standard size of sample 1 and 2 respectively.

If v is not an integer, it is rounded down to the nearest integer. The null-hypothesis, H0 : µ1 = µ2 ,
stating there is no statistical significant difference between the means of the two samples, is tested against
the alternative hypothesis, H1 : µ1 6= µ2 , stating the means are statistically different. Whenever the tstatistic, t0 , is larger than the critical value, tα/2,v , there is enough evidence to reject the null-hypothesis.
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