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Abstract 

Every production system has its constraints. Ever since Goldratt presented the theory of constraints 

in the mid 80’s a lot of effort has been made to find the best methods for constraint identification 

and ways to minimize the constraints in order to gain higher capacity in production. A novel method 

presented is Simulation-based COnstraint Removal (SCORE). The SCORE method has been proved to 

be more effective and detailed in the identification and sorting of the constraints when compared 

with other bottleneck detection methods (Pehrsson 2013). The work in this bachelor’s project has 

been focused on applying the method to a complex production system in order to further explore the 

SCORE method’s ability to identify bottlenecks and reveal opportunities to increase the throughput 

of a production system.  

NorthStar Battery Company (NSB) wishes to perform a bottleneck analysis and optimization in order 

to find improvements to increase the throughput with 10%. By using the SCORE method, 

improvement options with a potential to meet the goals of NSB was identified. It also facilitated for 

the author to further exploit the possibilities of simulation-based optimization and knowledge 

extraction through the SCORE method. 

By building a valid discrete event simulation model of the production line and use it for optimization, 

followed by a knowledge extraction, it was possible to identify the top three constraints and the level 

of improvement needed in the constraining operations. The identified improvements could 

potentially increase the throughput of the production line by 10-15 percent. 

The project was delimited to exclude the finishing part of the production line and only one battery 

variant has been included. Through continued work and analysis of the line using the SCORE method 

it will most likely be possible to even further increase the throughput of the production system and 

to provide NSB with more knowledge and opportunities to enhance their production effectiveness. 
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1 Introduction  

Every production system has its constraints. Ever since Goldratt presented the theory of constraints 

in the mid 80’s a lot of effort has been made to find the best methods for constraint identification 

and ways to minimizing constraints in order to gain higher capacity in in the production. A novel 

method presented is Simulation-based COnstraint REmoval (SCORE). The SCORE method has been 

proved to be more effective and detailed in the identification and sorting of the constraints when 

compared to other bottleneck detection methods (Pehrsson 2013) and therefore this method is 

interesting to apply to a complex production system to identify bottlenecks and raise the throughput. 

The theory of constraints and different bottleneck detection methods are described in chapter 2.1. 

The goal of the project described in this report, is to provide NorthStar Battery Company with 

decision support for increasing throughput in the production line. In order to reach this goal I will do 

a multi-objective optimization using the SCORE-method.  A discrete event simulation model will be 

built in the FACTS Analyzer (described in chapter 2.5) and optimizations will be done in three steps: 

Lean Buffer optimization, SCORE optimization, and optimizations for parameter leveling. The 

suggested strategy is to include decision support on where to improve, what to improve, related to 

station cycle times, availability, mean down time and capacity, and the order in which the 

improvements should be implemented. All data published has been multiplied by a factor known 

only to those involved in the project. 

1.1 Company introduction 

NorthStar Battery Company (NSB) is one the world’s leading in the areas of design, manufacturing 

and commissioning of lead batteries and systems for battery back-up. The company was founded in 

2000 by a handful of experts from the lead battery business and has grown to over 600 employees 

across the world. The head office is located in Stockholm Sweden and has production sites in 

Springfield, MO, USA; Shanghai and Shezein, China and in Sollentuna, Sweden. NSB also has global 

distribution and service centers, which include Panama, Indonesia, Dubai and Singapore. (NorthStar 

Battery Company 2014). 

The project was performed in Springfield, MO, USA where NSB has two plants for manufacturing of 

lead batteries for various areas of use:  telecom batteries, engine batteries and UPS’es. The original 

plant was built in year 2000, the second plant was opened in 2009, and with a few exceptions most 

batteries are manufactured at both plants.  

 

Figure 1 NorthStar Battery Company plant in Springfield, MO, USA. 
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1.2 Project description, purpose and objectives 

The company wishes, through a discrete-event simulation study and a bottleneck analysis, gain a 

deeper insight on system behavior as well as acquire improvement options in order to meet the 

project’s goal. The project will include the whole production line in one of the two plants and one 

product variant. NSB produces more than 50 types of batteries, in this model the variant with the 

highest volume represents all manufactured variants. 

The main objective is to identify and propose an improvement strategy for at least 10% throughput 

improvement on manufacturing system level.  

1.3 Sustainability 

As a part of this Bachelor’s project the author will look into how proposed changes relate to 

sustainable manufacturing. The word sustainable derives from the Latin word sustinere, meaning 

“hold up” (Källström, 2014). Of course the content and enforcement of the word have been 

discussed but most seem to agree to the definition set by the Brundtland commission in 1987: 

 

"Sustainable development is development that meets the needs of the present without 

compromising the ability of future generations to meet their own needs".  (World Commission on 

Environment and Development cited in Källström, 2014). 
 
Many also seem to agree to the UN’s statement that sustainable development is built on three 

pillars: 

• ecological 

• sociological and 

• economical sustainability. 

 
Ecological sustainability- If nature dies, we die. Mankind is dependent on nature for survival. The 

three main problems when it comes to the ecological sustainability are emission and waste, the 

greenhouse effect and access to natural resources. All of these have a great deal to do with 

technology. Therefore how we develop, produce are critical for our environment. 

  

Sociological sustainability- addresses the safety, health and well-being of individuals and populations.  

 

Economic sustainability- In many countries, business and even families around the world we live 

above our assets. This creates imbalance in the economy and is in the end a threat to democracy and 

peace. Making economic decision based on long-term evaluations rather than quick-fixes is thus the 
essence of economic sustainability. 

 

Källström (Källström, 2014) summarizes UN’s three pillars of sustainability with the term Technical 

sustainability. Sustainable technology: 

• ensures the production of our welfare,  

• contributes to safety, health and well-being to employees, customers, suppliers and others 

that come in to contact with the technology, 

• is favorable to the environment and 

• gives companies competitiveness and long-term profitability. 

 

The author will, in the discussion chapter, see how the results from the study are related to 

sustainable development. 

1.4 Delimitations 
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The following will not be included within this project. 

• The report and model does not include Plant 2’s manufacturing system. 

• Only the highest volume product will be taken into consideration to limit the vast  amount of 

input data. 

• The report will not include the economic aspects of the suggested improvements.  

• The project will not implement any of the suggested improvements. 

 

1.5 Report structure 

The report is basically divided into three parts. In the first chapter the purpose, goals and objectives 

are described as well as the methods used in the project. The project structure is illustrated in Figure 

2. 

Chapter 2 gives background in understanding the problem of constraints, different methods for 

bottleneck detection as well as how the preferred method can be implemented in a project. Chapter 

3 describes the building of the simulation model, how data was collected, assumptions made, 

verification and validation of the model. Chapter 4 describes how the transient time, number of 

replications and simulation horizon were chosen. Chapter 5 describes the optimization made using 

the SCORE method and the result thereof and chapter 6 is an analysis of the results from the 

optimization and the knowledge extraction. Chapters 2 through 6 will help gain knowledge of the 

system as well as suggestions for improvements. 

The third part of the report, chapter7-8 is a discussion on the preferred solutions and suggestions on 

how NSB can continue the work for further improvements. 

 

Figure 2 Report structure 
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2 Literature review 

2.1 Theory of constraints 

The Theory of Constraints (ToC) was first introduced by Eliiyahu M. Goldratt in his book “The Goal” in 

1984. (Goldratt, 2014). The fact that a fourth revised edition was published 30 years after the original 

publication proves that his theory is still very much an important part of industrial management. The 

basic idea of ToC is the old saying “No chain is stronger than its weakest link”. Goldratt states that 

some machines in a production line affect the whole system performance much more than other 

machines, these machines are called bottlenecks. In order to improve the whole system’s 

performance when it comes to, for instance: throughput, inventory, WIP etc., the performances of 

these bottlenecks need to be improved.  

The improvement process Goldratt suggests is divided into five steps: 

• Identify the constraint- what is the weakest link? Making improvements on other “links” in 

the system is a waste of time unless the bottleneck is addressed first. 

• Exploit the system’s constraint- find solutions how to utilize the constraint as much as 

possible in order to increase the system’s performance as a whole. 

• Subordinate other processes to the constraint- other processes in the system need to support 

the identified bottleneck, i.e., feeding it faulty material or lack of incoming material. The 

system as a whole needs to be aligned to the constraint and let it decide the takt1. 

• Elevate the constraint- The first three steps help to increase the overall productivity in the 

existing system. Once these options are exhausted the next step is to evaluate and 

implement investments that may be necessary to further improve the performance. This may 

include new machines, hiring people etc. 

• Repeat the process- once the constraint has been eliminated there will be other processes 

that will be the new bottleneck. There will probably never be a system without constraints 

and thus returning to step one is inevitable for continuous improvement. 

2.2 Bottleneck detection methods 

After the release of Goldratt’s book, the interest in bottleneck detection increased. Lima, Chwif, and 

Barretto summarize the three main categories of bottlenecks which have been presented throughout 

the years (Lima, Chwif and Barreto 2008): 

• Simple bottleneck (Grosfield-Nir 1995) – In Simple Bottleneck there is just one bottleneck 

throughout the time period considered. 

• Multiple bottlenecks (Aneja and Punnen 1999) - There are two or more bottlenecks during 

the time period. These bottlenecks are consistent and do not change. 

                                                           
1
 Takt is the German word for rhythm or meter and is, in Lean manufacturing, the rate of customer demand 

and can be used in production to set the pace, i.e how often does a product leave an operation (Liker 2004). 
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• Shifting bottleneck (Roser, Nakano and Tanaka 2002)- The shifting bottleneck distinguishes 

between a momentary bottleneck, describing the bottleneck at any given time, and an 

average bottleneck describing rather the bottleneck behavior over a selected period of time. 

Depending on the nature of the analyzed production system it can sometimes be quite challenging to 

detect the bottleneck(s). Roser, Nakano and Tanaka introduced in 2002 the Shifting Bottleneck 

detection method since they found that the generally used methods (the utilization method and the 

queue length method) had several shortcomings. (Roser, Nakano and Tanaka 2002). 

When using the utilization method, i.e. the machine with the highest utilization is considered the 

bottleneck, there are three major disadvantages: Firstly, the utilization in different machines are 

often very similar which makes it difficult to draw any conclusions on which of them that actually is 

the bottleneck. Secondly, the method itself is limited to the steady-state which limits the use and 

thirdly this method is unable to detect momentary bottleneck and only give us the average 

bottleneck over a long period of time. 

Another frequently used method is the one of that analyses the queue lengths, or waiting time in 

front of the operations. The entity with the longest queue length or waiting time is considered the 

bottleneck. Even if Roser et.al sees an advantage in this method in the ability to see momentary 

bottlenecks they consider the shortcomings to be several. The main shortcoming is that many 

production lines have limited or no buffers/waiting times which makes it impossible to detect a 

bottleneck from that criteria. In times when the amount of incoming material exceeds the capacity of 

the system the queue times and waiting lengths will not be able to show where the bottleneck is.  If 

the batch sizes vary between machines this may also give an incorrect detection of bottleneck. Finally 

Roser et.al. state that the waiting time depends on numerous factors and not identically distributed 

making it difficult to  estimate the accuracy of the average queue length or waiting time over periods 

of time. 

In order to overcome the obstacle mentioned above, Roser et. al introduces the Shifting Bottleneck 

detection method (Roser, Nakano and Takana 2002). This method makes it possible to detect and 

monitor the shifting momentary bottleneck as well as the average bottleneck over a selected period 

of time. The method is based on the period of time a machine is active without any interruption. 

Active time is time when the machine is causing the following machine to wait. So in practice this 

means anytime the machine is working, in repair, changing tools or is being serviced. The momentary 

bottleneck is the machine with the longest uninterrupted active period at a given time. To determine 

the average bottleneck data is analyzed for the selected period and the momentary bottlenecks are 

determined. Next, the percentage of time a machine is the sole bottleneck and the percentage of the 

machine is part of a shifting bottleneck is measured. Then both percentages are added and the larger 

the sum, the larger the effect on the machine has on the overall system. 

Roser et. al. claims that the shifting bottleneck detection method has many advantages compared to 

other methods. There are however some limitations to this method. Even if the method gives us 

several bottlenecks and sort them according to their size, it is impossible to see what needs to be 

improved at every constraint. Since the active period is defined as working time, in repair, service as 

well as changing of tools it is impossible to see what needs to be improved, is it the cycle time that 

needs to be shortened, is it the availability or perhaps something else? 
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2.3 The SCORE method 

The Simulation-based Constraint Removal (SCORE) method was developed in order to address some 

of the issues with the previous most common used bottleneck detection methods described above. 

(Pehrsson 2013). 

The SCORE method uses simulation-based multi objective optimization in order to find the most 

beneficial improvements for a production line. Through setting improved values for parameters such 

as cycle time, availability and meantime to repair, minimizing the number of changes and at the 

same time maximizing the throughput, solutions with the most beneficial throughput improvement 

given the fewest numbers of system changes will be found. The parameters with the highest 

frequency in the optimization results are considered the first constraint, the second highest as the 

second and so on, in this way it is possible to establish the order of several bottlenecks in the system.  

The main disadvantages with the SCORE method, according to Pehrsson, are three.  

• The method requires a large amount of computing power in order to solve the problems in a 

reasonable amount of time. 

• A simulation model of the production line is a must.  

• The SCORE specific parameters must be implemented in the model and integration with the 

controlling algorithm must be conducted. 

The production line of NSB is quite complex and has a lot of dependencies. In order to perform a 

bottleneck analysis, that also can give input for decision making, the SCORE method will be used. The 

obstacles, when it comes to computing power and simulation model, have been overcome by using 

the FACTS analyzer and the access to clustered computers located at the University of Skövde. 

Below follows a frame of reference related to simulation and optimization projects and the FACTS 

Analyzer program used in this project. 

2.4 Simulation projects & optimization  

Initially when simulation studies were started to become commonly used they were considered more 

a special research investigation rather than a project. The project aspect of simulation studies started 

in the 70’s and during the course of time different tools and techniques has emerged in order to 

assure success of the simulation project (Williams and Ülgen 2012).  In recent years, the focus seems 

to have shifted towards a more pragmatic view in which the simulation project is a part of a larger 

process.  With this viewpoint the extraction of knowledge for decision making is the goal rather than 

the simulation itself.  Pehrsson (2013) describes this generic process for the creation of decision 

support as show in Figure 3.  
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Figure 3 Generic process for the creation of decision support (Pehrsson 2013). 

In order to get a more detailed description of the process used in this project, some of the steps 

described in (Banks et al. 2010) and in Pehrsson’s description (Pehrsson 2013) of the above overall 

process will be incorporated. It is mainly in the process step “Create/update valid simulation model” 

that needs to be broken down in more detail in order to understand how to create a valid model. 
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Start- The decision-making problem needs to be defined before the start of the process. The decision 

might address different aspects such as, evaluation of flow and leveling of load, parameter settings, 

production methods etc. The problem formulation and initial optimization objectives are crucial in 

order to find the right abstraction level of the model and data (Pehrsson 2013). The problem 

formulations as well as the objectives need to be agreed upon between the decision maker and the 

analyst in order for the model to be built to actually be relevant. 

Create/update valid simulation model- This part of the process is the most crucial in order, not only 

to get a valid model, but in the end to be able to retrieve correct data and reliable improvements 

options. The part of Banks et.al’s description of a simulation project process (Banks et al. 2010) 

marked with a red square in the Figure 4 fits into this process step. 

               

Figure 4 Steps in a simulation study. 

Model conceptualization- The conceptual model is an abstract of the system that was defined in the 

previous step. In a discrete simulation model, the conceptualization must specify the arrival and 

departure from the simulated system. It is best to start with a simple model and build towards a 



17 

 

higher complexity. In order to find the right aggregated level of the model assumptions need to be 

made and agreed upon. 

Data collection- Data collection takes a very large portion of the total time required performing a 

simulation and thus it is necessary to start as early as possible in the project. Usually, it needs to be 

done together with the early stages of model building. The minimum required data input to  FACTS 

Analyzer, which are used in this project are process times, availability and mean time to repair 

(MTTR), buffer capacities and transportation times. 

Model translation- The actual construction of the model can be done either by programming in a 

simulation language or using special-purpose simulation software. Regardless programming or using 

simulation software, the construction is best done in small pieces and each verified prior to its 

inclusion in the overall model. 

Verification- The verification phase answers the question “Did we build the model right”? Verification 

is about debugging, making sure input parameters are reliable and that the assumptions and 

simplifications are correct. 

Validation- Answers the question: “Did we build the right model?”  The question has both to do 

whether or not the model correlates with the real system as well as the objectives set at the 

beginning of the project. Simulation models are used instead of experimenting on an actual system. 

Thus, if the model does not correlate to the actual system any conclusions drawn from the model 

may very well be wrong and result in costly decisions. Law (Law 2008) divides the validation of the 

model into two parts: validation and credibility where validation is the process of determining 

representation of the real system for the objectives set in the study. Law provides a list of techniques 

for developing valid and credible models, however he does not see the validation of the model as 

one step in the simulation projects as described by Banks but rather as an ongoing process 

throughout the whole project process. 

The techniques listed by Law are: 

1. Formulating the problem precisely-Without a definitive statement of the specific 

questions of interest it is not possible to build the right model and in the and without the 

right model it is not possible to draw conclusions or make decisions based on the 

findings. This needs to be done in the beginning of the project, but may be revised during 

the progress of the project. 

2. Interviewing subject-matter experts- Not one single person have all the information 

necessary to build a simulation model. Thus it is important to talk to many different 

persons with different expertise to get a complete understanding of the system to be 

modeled. This is done throughout the progress of the project. 

3. Interacting with the decision-maker on a regular basis- This is one of the most important 

parts in developing a model with credibility. The key benefits in doing so are: 

- It helps to ensure that the correct problem is solved.  

- The exact nature of the problem may not be initially known. 
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- The objectives may change during the course of the study. 

- The decision-maker’s interest and involvement in the study are maintained. 

- The model is more credible because the model’s assumptions are 

understood and agreed upon. 

The interaction with management needs to be ongoing throughout the entire project. 

4. Using quantitative techniques to validate components of the model- For instance, if one 

has fitted a theoretical distribution to a set of data then the adequacy of the 

representation can be assessed by using graphical plots and goodness-of-fit tests.  

5. Developing the assumption document- A model is not an exact copy of the actual system 

and it is important to document any assumptions made etc. The assumption document 

should contain an overview of the project goals, a system-layout diagram, descriptions of 

each subsystem, what simplifying assumptions were made and why, limitations of the 

model, summaries of model input data and sources of important or controversial 

information.  

There should be a structured walk-through of the assumption document together with 

subject-matter-experts and decision-makers. A structured walk-through will increase 

both the validity and credibility of the simulation model 

The assumption document and walk-through should be in place early in the project, 

before the translation of the model. 

6. Validating the output from the overall simulation model- This part is probably what most 

people refer to when they talk about validating a model. If there is an existing system the 

model output can be compared to the actual system. The greater commonality between 

the proposed and the existing system, the greater the confidence in the model. Law does 

not give input in how to validate a proposed system that has no existing system to be 

compared to, but states only that analysts and subject-matters-experts should review 

simulation output for reasonableness whether or not there is an existing system.  

7. Animation- An animation does not validate a model per se but shows rather if the model 

is not valid and for promoting model credibility. It is also valuable for verification of the 

simulation computer program, for suggesting improved operational procedures and for 

training. 

Animations are performed during the later parts of the simulation study as part of the 

validation, design, conduct and analyze experiments. 

8. Appropriate data- Law does not have this as a bullet in the list of techniques specified 

above, it seems appropriate to do so however and thus this bullet. Correct input data is 

crucial for building a valid model. Faulty input data will, of course, lead to faulty output 

data. The list above may all seem as common sense but Law states that these techniques 

are often not applied and thus something to keep in mind in simulation studies. 
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Experimental design- For each system design that is simulated, decisions need to be made 

concerning the length of the initialization period (warm-up time), the length of simulations runs and 

the number of replications needed.  

Define optimization objectives 

Once there is a valid and verified model it’s time to identify the objectives. For a production system 

some of the objectives to take into considerations are; maximize throughput, minimize process times 

and in the end lead time, minimize the WIP etc. 

Connect alternatives and additional models 

To be able to optimize the system in coherence with the set optimization objectives, it is necessary to 

choose the right input parameters and their range. Choosing the appropriate settings in order to best 

explore the different scenarios is a balancing act between setting parameters somewhat wider than 

the actual boundary limits and not setting them too wide. Setting wider ranges helps you to explore 

the system’s possibilities better, but setting those too wide increases the complexity of the 

optimization problem and require more computing capacity. 

Run experiments or optimization 

When there is a valid model with adequate data, set parameter ranges and optimization setting it is 

time to start the optimization. Number of replications and simulation horizon needs to be decided 

upon. In case a stochastic model is used, for example discrete event simulation model, there should 

be several replications in order to reduce noise due to stochastic variations. The number of 

replications can be reduced if the simulation horizon is set long enough and in that way smooth out 

temporary effects on the system. The simulation horizon should, on the other hand reflect the 

decision situation. If produced parts per week is one of the optimization objectives, the simulation 

horizon should be set to reflect that. 

Analyze and extract knowledge 

In the end one of the objectives of an optimization is the possibility to extract knowledge in order to 

support decision-making. The results from the optimization may be used directly for decision making 

by trying to find a good solution from the obtained data. Working like this isn’t normally the best way 

forward, at least an analysis through plotting the data would be required to support decision-making. 

However by further analyzing the data from optimizations there’s a possibility to deeper knowledge 

of the system to support the decision-maker. Examples of such analysis are various types of data 

mining. 

2.5 FACTS Analyzer 

This chapter gives a short summary of the FACTS Analyzer (Factory Analyses in ConcepTual phase 

using Simulation) used in this project (Ng et al. 2011). FACTS Analyzer is an internet based DES 

(Discrete event simulation) and SBO (Simulation-based optimization) software system specifically 

developed for supporting the design, analysis and improvement of production systems within a 

multi-objective context.  

System Architecture 
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The major system components and communication protocols in the system architecture of the FACTS 

Analyzer can support multiple users on the Internet. Figure 5 shows a schematic overview of the 

system. 

 

Figure 5 System architecture of FACTS Analyzer in a multi-user environment. (Ng et al. 2011) 

The core of the system is the server-side components which consist of four sub-systems: Web server, 

optimization server, database server and simulation clusters. In principle, the server components can 

be accessed by client applications through the Web Services hosted by the Web server. In the 

illustrated implementation the FACTS Analyzer client is the main client-side application that 

consumes the FACTS server functionalities by sending XML requests and model specifications in form 

of XML files, launching/controlling SBO processes and retrieving optimization data from the 

optimization database. 

FACTS Analyzer Client 

To enable rapid modeling of production systems FACTS Analyzer has a limited number of standards 

DES objects and a list of objects dealing with production control mechanisms (PCM’s). The PCM 

objects have been developed based on modeling experiences in industrial case studies and their 

functionalities have been made as generic as possible without losing their ease of use. Table 1 lists 

the standard DES objects in FACTS on the left-hand side and the PCM objects on the right-hand side. 
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Figure 6 DES objects and PCM objects in FACTS (Ng et al. 2011) 

The PCM objects allow the modeling of complex production flows commonly found in industry today 

without the need of customized programming. FACTS Analyzer supports a new products variant 

handling for modeling the flows of material of different variants or groups of variants.  These 

material flows are similar to traditional creations of flows in DES software, the major difference 

FACTS allowing multiple flows collected in a tree structure. 

Previously there have been very few real-world applications and efficient tools for running simulation 

and optimization on the internet. FACTS Analyzer has been developed specifically for general 

conceptual factory flow design, analysis and optimization. It enables parallel and distributed 

simulation experiments and SBO to be run and controlled remotely by multiple users anytime, 

anywhere via the Internet. 

2.6 Conclusion 

All bottleneck detection methods have limitations as described in chapters 2.1 through 2.3.The 

SCORE method is the most novel method and has the advantages over previous methods in the 

possibility to, not only identify where multiple bottlenecks are and rank them but also to see what 

the feature of the specific constraints are (i.e  the process time, availability, MTTR or capacity of a 

specific operation).  Pehrsson describes one the obstacles of the SCORE method to be the need of a 

simulation model where the SCORE parameters need to be implemented as well as integration with 

the controlling algorithm. (Pehrsson 2013).  In order to overcome this obstacle the model will be built 

in the FACTS Analyzer. 

The FACTS analyzer integrates model abstraction, automatic model generation on an internet-based 

platform which makes it easy to use and thus speeds up the model building, experimentation and 

optimization process (Ng et. al. 2011). The use of FACTS Analyzer will also give access to clustered 
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computers located at the University of Skövde speeding up the process of optimizing a large number 

of input parameters.   
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3 Building the model 

As described in the literature review above there are several things to take into consideration in 

order to be able to build a valid model for the production line to be studied or improved. The user 

needs to understand the problem, the objectives and why a study is needed, the production line 

needs to be studied in order to understand how the different operations relate to each other and to 

get the flows in the model correct. Furthermore, it is important to understand if what is considered a 

downtime in the production line should be taken into consideration when entering the availability 

data in to the model (i.e lack of material etc.) Finally the correct input data etc. must be collected. 

Building the model is an iterative process where to the model gradually adapts during the cause of 

time as the knowledge about the system increases. Keeping an open mind and as the same time 

know when it’s “good enough” is a balancing act, especially if the analyzer is someone who is from 

the “outside world”. 

3.1 Description of the production line  

The production line to be analyzed is divided into four sub-lines: sub-assembly, assembly, formation 

and finishing. Figure 7-9 below illustrates the factory layout of, of the production line and a short 

description of the different sub-lines. The description is intentionally kept brief in order not to reveal 

any details that may be critical from a business perspective. For more information on the battery 

NSB100FT used in the model see Appendix 3. 

 

Figure 7 Factory layout: OP10-OP40 (OP 40, not shown; a large number of parallel ovens) are part of the Sub-Assembly 

line.  OP50 is part of the Assembly line. 
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Figure 8 Factory layout: Assembly line 
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Figure 9 Factory  layout: cont. Assembly line. 

Sub-assembly- The sub-assembly line consists of chill cast, perforation, pasting and ovens. Lead is 

melted down and formed into sheets and rolled onto a reel. The sheet is perforated and pasted with 

lead oxide before cut into plates. The pasted plates are dried in ovens before going into the assembly 

line. 

Assembly- Negative and positive plates are alternated and stacked into cell packs. Six cell packs go 

into a battery case, each cell pack is welded together and the case is filled with acid.  A number of 

tests are performed during this mainly automated part of the production.  

Formation- Formation which is basically “charging” the batteries before going in to storage where 

they have to rest for several days before they can go on to the finishing line. 

Finishing- once formatted, the batteries enter the finishing line. Final tests are made, labels and 

other components added and the batteries are packed into crates and shipped to customers. 

3.2 Model conceptualization, assumptions and model translation 

The biggest challenge in the model conceptualization has been the fact that through the whole 

production line there are very different types of products running through the various parts of the 

system. From sheets of lead rolled on reels through the two first operations, positive and negative 

plates, cell packs and at the end batteries. In the initial models, the assumption was that the system 

from start manufactured single plates, leading to a high number of Assembly objects and a large 

amount of products in the assembly tables. i.e. 3000 plates assembled onto the racks etc. In order to 
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get products through the system as well as reduce the process power needed for all the calculations 

a simpler concept was needed. At the end, these are the assumptions and simplifications that were 

used: 

Sub-assembly 

The challenge in the sub-assembly part of the model was the fact that the products running through 

the system change in the real production line. To solve this problem the start product of the model 

was changed from plates to reels. OP30 is a fictitious operation in the model where plates are added 

to the reels and later followed by a dis-assembly of the reels that are eliminated through a sink, 

leaving the plates to be the product in focus. The products “produced” in OP30 (Cell100_Neg and 

Cell100_Pos) represent the total number of negative respective positive plates in a battery. 

There is a large number of ovens in the sub-assembly line, instead of that amount of operations in 

the model the oven is considered to be a store with the same capacity as the total number of ovens. 

The sub-assembly line has been divided into two separate flows (negative respective positive) in the 

model thus there are parallel buffers etc.  

Assembly 

In the real production line, a number of the machines in OP 50 are feeding directly to OP60 and the 

other machines produce on to pallets for use either straight away or at a later time. To simplify, an 

assumption is made that all the machines feed directly into the following operation. 

OP_160 consists of a large number of parallel workstations. As in OP_40 this is handled as a store 

with the capacity of the total capacity of the parallel workstations. 

End of line and finishing 

During the cause of the project it became clear that the finishing part of the production line is rather 

separated from the previous parts of the line. Finishing is solely acting on customer orders and 

products are pulled from the “80Batt” storage. The scheduling and orders to the earlier parts of the 

production line is calculated from actual orders as well as from forecasts. An internal work order is 

considered closed once it enters the 80Batt storage.  The decision to remove finishing from the 

model, letting the 80Batt storage be the sink and thus changing the scope was suggested and agreed 

to by management. 

3.3 Data collection 

Below is a description on how the input data was collected for the different parts of the model. The 

SW support systems used to pull historic data are: 

Infinity- Production data for automated time of operation etc. 

DTR- production data for products produced. 

Aras- product documentation, specifications, work descriptions, etc. 

The methods used to retrieve data for input to the model have been: 

Sub-assembly:  OP10 process time was calculated by first observing the time required to produce 50 

positive and 50 negative reels and their respective weights. Next, an average seconds of processing 

time required per kg was calculated and then multiplied by the amount of material required to 
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produce one plate of a given product. The OP20 process time is determined by multiplying the width 

of a plate by the machine progression and dividing by the number of stamps per second. To calculate 

the OP30 process time, the width of a given plate is divided by the auto line speed. The amount of 

lead as well as the number of reels produced during three months was pulled from DTR and the 

average amount of plates was calculated by using data from the product specifications in Aras. The 

availability and MTTR were calculated from the Sub-assembly downtime sheets that the operators fill 

in during each shift. A short frequency study showed a higher availability in OP10 than the calculated 

numbers (90-93% from the downtime report 97-100% in the frequency study). At the end an average 

of 95% was used for OP10. 

Assembly: During the spring of 2014 the process times were studied with a stop watch for the 

production line in order to do a VSM (Value stream mapping). The retrieved data from that study 

were used in the assembly part of the manufacturing line in the model.  During the verification phase 

of the model the process times were verified by using a stop-watch. The figures of availability in 

assembly are not as reliable as the one’s in sub-assembly.  The same type of down-time collection 

sheets has been initiated for assembly as is used in Sub-assembly, but the quantity of input data is 

too low to give a statistically solid number.  In the finished model, the data from those down-time 

sheets have been used because after all they are better than just guessing. These inputs may very 

well need to be revised as the amount of data increases. 

 

3.4 Model translation, verification and validation 

In translation of the conceptual model the challenge has primarily been the imbalance between 

positive and negative plates. Due to the fact that there are a different amount of positive and 

negative plates in a battery as well as different process the model jammed up because there were 

too many plates of one sort produced. By adjusting the creation table in the source to correlate the 

number of reels produced to the ration of plates in a battery this problem was solved.  

Verification of the model was done in parallel with the translation of the model in a continuous loop 

and in interaction with both personnel and management at the company as well as with the 

University of Skövde. In addition Little’s law (Little 1961) has been used to verify the model. Little’s 

law, in Formula 1, gives us: 

 

 

 

Formula 1 Little’s Law (Law 1961) 

 

 

Formula 2 Little's law used on final model. 

As described in the theory chapter also validation of the model needs to be a continuous work. To 

validate the model output data from the model has been compared to real output from the 

Throughput = 

Work in process 

Lead time 

Throughput = 

4 234 (parts) 

83.5 (hrs) 
 = 50.7 parts/hr  
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production line in real life. The model has been built to show the produced parts when the factory 

runs under “normal” circumstances i.e. without running through breaks or weekends which gives 

somewhat less outcome than real life. 

3.5 The final model 

Figure 10 shows a screenshot of the final model. For more information on input data in each entity, 

please see appendix 1. 

 

Figure 10 Overview of the final model. 
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4 Experiments set-up 

When it is confident that the model is verified and valid the next step is, through running 

experiments find out proper warm-up time, number of replications and the simulation horizon. 

4.1 Steady-state analysis 

The steady state analysis was performed with an animation on the final mode. The simulation 

horizon was set to 30 days and 10 replications. From the graph presented below (figure 11) the 

warm-up time of 14 days (336 hrs.) was chosen.2 

 

Figure 11 Steady state analysis. 

4.2 Replication analysis and decision on simulation period 

Choosing the number of replications and the simulation horizon was a balancing act. Due to the vast 

amount of parameters for the optimization the risk was that the optimization would need large 

computing powers as well as a very long time. Pehrsson states that the simulation horizon should be 

in coherence with the decision situation (Pehrsson 2013). The numbers encountered in NSB were 

mainly either per shift, day or month. Since one shift/day is too short and one month would mean 

long optimization time. Therefore, 28 days simulation horizon with a warm-up period of 14 days 

were decided. This meant the results would reflect two weeks of production.  

                                                           
2
 The reason for the seemingly unrealistic high throughput in figure 11 is due to that in animation mode the 

model counts all products going to a sink. Since there are fictitious sinks in the model for reels and racks these 

“products” are included in the throughput numbers. 
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5 Bottle neck analysis using the SCORE method 

The analysis and optimization was performed in three steps: 

• Lean buffer optimization 

• SCORE optimization 

• Optimization for narrowing down the best possible solutions for the identified constraints. 

5.1 Lean buffer optimization 

The initial lean buffer optimization was performed with the aim to increase the throughput and at 

the same time lower the buffer levels. Such an optimization can also be used to create knowledge 

about the ideal buffer allocation. In this case the study was done in order to see how far a buffer 

optimization would take us in order to reach the project’s goals. The input variable setting can be 

seen in appendix 2. Basically the lower bounds were set to the lowest amount that seem reasonable. 

For instance, one reel per following operation or the amount of batteries that fit on a pallet, the 

upper bounds were multiples of the lower level. 

 

Figure 12  The complete results from lean buffer optimization. 
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Figure 13 Non-dominated sort of the results from lean buffer optimization. 

From the results shown in Figure 12 and 13, it can be clearly seen that a Pareto front with a 

throughput of 51.75 parts/hr. The maximum throughput that can be reached by only optimizing 

buffers increases the throughput with 1.5% indicating one, or more, constraints in the system 

hindering us to reach the goal of a 10% increase in throughput, thus further optimizations are 

necessary. 

5.2 SCORE optimization 

The main advantage of the SCORE analysis when compared to other methods to identify constraints 

is not only that more than one (the biggest) constraint can be seen,  what parameter in the entity 

that is the crucial (process time, availability, capacity etc.) as well as in what order the constraints 

should be addressed. By exporting the data retrieved from optimization, it can be sorted and the 

frequency of appearance of the constraint can be calculated. The constraint that appears in the most 

number of solutions is the one that needs to be addressed first (Pehrsson 2103). 

The goal of this optimization is to reach maximum throughput with a minimum amount of changes 

needed. The input variables in the optimization editor can be seen in appendix 2.  Below is a brief 

summary of what parameters were entered as input. 
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Table 1 Summary of input parameters set in SCORE 

Optimization.

 

Where operations lack input for process times in table 1, it’s due to that the process time in the 

model is the minimum process time needed for the product to fulfill quality aspects or full 

functionality. Where an operation’s availability is not included as an input in it is due to the fact that 

availability in the operation already is estimated to be 99% or higher.  

Output data 

The optimization SW used 50 processors to achieve 20 000 iterations during a period of 77 hours.  

 

Figure 14 The results of the SCORE optimization.  
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Figure 15 The resulting pareto front from the SCORE optimization. 

The results from the SCORE optimization (Figure 13 and 14) clearly shows that with as few as 3 

improvements we can reach and even exceed the goal of a 10% increase in throughout. The next 

question is what improvements are the ones to focus on? The amount of data produces in the 

optimization requires some type of data mining and thus the data output in Figure 10 was filtered to 

include ranks 1-5 and exported to SCORE analysis Excel file. Basically the programming in Excel 

calculates how often a certain parameter appears in the different solutions.  

 

Figure 16 Constraint frequency graph. 

Figure 15 illustrates the three most critical constraints that limit the throughput in the production 

line, being the capacity of OP160, the process times in OP140 and OP170. Still need the most optimal 
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solutions for the different parameters needs to be sorted out. Since the limits set in the input 

variables prior to starting the optimization was set quite widely, the next step is to narrow down the 

solutions to be able to find level the parameters in order to find the best solutions. 

5.3 Parameter leveling 

One way to decide the level on the most important constraints is to run a new optimization with the 

identified top constraints. Using the NSGA-II algorithm limits the output parameters to four while 

only the top three constraints were analyzed in this process. The lower and upper bounds for the 

identified constraints to be analyzed further (OP160_C, OP140_P and OP70_1) remained the same as 

in the previous optimization with the difference that this time the input was set into discrete steps 

between these bounds. 

 

Figure 17 The complete result from the parameter leveling optimization. 

From the optimization results, numerous possibilities for improvement appear, as shown in the 

parallel coordinates diagram in Figure 16. This view in the FACTS Analyzer optimization browser 

enables the user to filter for the best combination of levels for the identified constraints. By adjusting 

the sliders on each output objective the user can find solutions for different scenarios. In the Figures 

below the author shows examples on how this can be done, however since economic aspects is not 

included in this project further evaluation of different solutions is necessary. 

The first filtration focuses on an increase of the throughput by 10% as stated in the project goals.  

Since there is room for even more improvement of the throughput, a second filtration suggesting 

solutions for a 15% improvement was performed.  
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Figure 18 Parallel coordinates. Example for a 10% increase of the throughput. 

 

Table 2 Example solutions for a 10% increase of the throughput. 

 

 

 

Figure 19 Parallel coordinates. Examples for 15% increase o the throughput. 

Table 3 Example solutions for a 10% increase of the throughput. 

 

When studying Figure 17 and Figure 18 it becomes clear that there are no solutions to reach a 

throughput improvement of 10% or more without substantial improvements to OP_160C. When 

focusing more on the impact of OP160_C to the increase of the throughput the following graph 

shows (Figures 19): 
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Figure 20 Pareto front of OP160_C vs. Throughput 

The straight line shown in Figure 17 further stresses the findings that OP160_C is the most important 

constraint hindering an increase in throughput. From the result it is possible to get the equation for 

this straight line using the straight line equation (y=kx+m) where y is the maximum throughput 

(parts/hr) and x is the capacity of OP160 (no. of batteries). From running a linear regression and using 

the “point slope formula” the equation and of the line was calculated to: 

 

Formula 3 Straight line equation applied on OP160_C 

This formula can be used to calculate the throughput that can be reached for a set capacity of OP160 

and vice versa. 

y = 5.8 *10    x+ 21 

-3 
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6 Discussions 

In this chapter the author discusses and comments on the work performed in this project, the tools 

used and difficulties encountered in the process. 

6.1 Building of the model 

The building of the model turned out to be quite a complex task from several perspectives. One 

problem was how to handle the different types of products moving through the line, from lead that is 

melted down and rolled on to reels, to plates (both positive and negative), to cell packs and finally 

batteries. By using fictitious assembly and dis-assembly operations, this problem can be handled. 

There is also a limitation in FACTS Analyzer that it does not allow the addition of attributes in an 

operation, forcing the user to use an Assembly entity instead. It did not affect the model translation 

in this project but is something worth looking for further improvements of FACTS Analyzer. 

A second problem that occurred had to do with the different numbers of positive and negative plates 

that are put into a battery and as well as the different plates having different process times in 

different operations. This led to that the model became congested with one type of plate hindering 

any batteries to be built. This had to be addressed already in the initial source object by correlating 

the numbers of respective positive and negative reels to the ration between the positive and 

negative plates in a battery. 

When modeling such a complex and long production line the amount of data needed to be put into 

the model becomes quite vast. If there had not been such good data available from previous work at 

NSB it would not have been possible to model in the time frame of the project. The data regarding 

the availability of the machines and the MTTR of the same are the areas where the data were lacking. 

In sub-assembly there were data available but there was a discrepancy between the NSB’s definition 

of downtime and the availability number that goes into the model. It is important for the persons 

working in a simulation project to have the same vocabulary. 

In spite of some creative solutions to overcome the limitations of the FACTS Analyzer and lacking 

some data leading to estimations in some cases, it was very confident that the model is a valid 

representation of the real life production line. Discussions with management at NSB confirm this. 

6.2 Optimization and bottleneck detection using FACTS Analyzer and the SCORE 

method. 

The version of FACTS Analyzer that the project used is basically a beta-version not fully tested yet. Of 

course this led to some problems for the author that needed to be solved by the engineers at the 

University of Skövde. However having the opportunity to use a novel and state-of-the-art tool like 

that was quite exciting. 

Not all problems encountered had to do with the software being a beta version, some had to do with 

the author as well. Due to the many operations in the model and the vast amount of data, entering 

the input parameter settings, the input constraints as well as formulas took a very long time. With 

205 input parameters and manually entering the data mentioned above it was inevitable for 

typographical errors to occur. If there is a possibility to have a more automated way of entering data, 
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limiting the possibility of human error, the FACTS Analyzer would be much more user friendly and a 

more attractive product for potential customers. 

In the optimization 20 000 iterations were performed. This is probably a lot more iterations than 

needed to get reliable data. The author retrieved data already after 2 500 iterations and these results 

showed no, or very little, discrepancy to the final results. To be on the safe side 5 000 iterations 

would probably be more than enough and thus saving both processing time and power needed. 

There are scientific methods to automatically determine the stopping criteria of optimization runs. 

For multi-objective optimizations, like the one performed in this project, in which the real Pareto 

fronts are unknown, hyper volume is the most commonly performance metric used for this purpose 

(Zitzler & Thiele 1999). However, the function to monitor the progress of hyper volume during the 

optimization is not yet available in current FACTS Analyzer. 

The data gained from the optimization will need some type of data mining. In this project the SCORE 

excel sheet was used. Data had to be ranked using filters in the optimization browser, exported to an 

Excel sheet where some modification was needed before importing it into the SCORE excel sheets. 

These steps are in no way complicated but of course a risk for human error. Once again if this data 

mining could be done in the FACTS Analyzer’s optimization browser directly it would simplify things 

for the user. 

Being the first time using the FACTS Analyzer, optimization and SCORE method outside fictitious class 

examples the author had some concerns whether or not the results derived from the project would 

be reliable or not. However after finishing the project and running the results by the University as 

well as the customer I feel very confident with the results and the reliability 

6.3 Sustainability 

As mentioned in chapter 1.3 the UN has adopted the Brundtland commission’s definition of 

sustainability and also defined three pillars of sustainability which are dependent on each other: 

ecological, sociological and economical sustainability. 

How do the results presented in the previous chapters relate to these fundamentals? By increasing 

the throughput the author can see benefits on all three areas mentioned above. 

Ecological sustainability-Manufacturing of batteries is a very energy consuming. By increasing the 

throughput the machines are used more effectively during the time in operation, thus the time 

needed to “catch up” with orders can be reduced and less energy will be consumed. Reducing 

energy is one of the most important aspects when it comes to ecological sustainability as long as 

most of our energy (as is now) comes from limited resources such as fossil fuels and nuclear power. 

The fossil fuels increase the carbon oxide emissions contributing to the greenhouse effect and the 

nuclear power generates toxic waste that needs to be handled. 

Sociological sustainability- The aspects of sociological sustainability has to do with the safety, health 

and well-being of individuals. So how can an increased throughput by reducing constraints 

contribute to this? When studying the production line, one of the things that was apparent was the 

need to off-load batteries from the conveyors onto pallets in order to not congest previous 

operation. The off-loading is done manually and since lead batteries are very heavy the risk of 
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personal injuries increases. By reducing the constraints the need for off-loading will decrease or may 

even be eliminated and thus the risk for injuries and health issues will decrease as well. 

Economical sustainability- Both the ecological as well as the sociological aspects of sustainability has, 

in this case, also positive impact on the economical aspect of sustainability. Reducing the need of 

energy will, of course, also reduce the cost thereof and decreasing the risk for injuries and health 

related problems for employees further contributes to lowering cost. 

From the discussion above, the author sees the increasing throughput by constraint removal can 

also be beneficial to sustainable development. 
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7 Conclusions 

The main goals of this project have been to study the SCORE method’s ability to identify bottlenecks 

and provide management decision support for improvements of throughput as well as propose an 

improvement strategy for a 10% increase of throughput on system level for the studied production 

line. From the result in this study the following conclusions can be made: 

• The SCORE method is an effective tool for identifying and ranking multiple constraints in a 

complex production line. The results shown in the frequency table (Figure 13) did not come 

as a surprise to the customers and thus can be considered reasonable. 

• The SCORE method is an effective tool to explore different solutions for reaching the set 

goals and by doing so giving valuable information for decision making. 

• The project has identified the main constraints and the ranking between them to the 

customer, with the top three being the capacity of OP160 and the process times of OP140 

and OP70. OP_160 which has been identified as the no.1 constraint is “Formation” (charging) 

of the batteries. The very long process time in combination with being very space-consuming 

contributes to make this operation the main constraint.  

• The project has presented a method for evaluating different solutions in order to reach the 

set goal. 
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8 Recommendations for further work 

The delimitations of this project provide an opportunity for further exploration the results. Following 

are some areas that are suggested by the author to be studied further: 

• Evaluate different scenarios of leveling the three main constraints, how they can be 

implemented and the economic consequences thereof. 

• Simulate and optimize OP70, which is a robot cell with several operations, in order to find 

solutions to improve the process time. 

• Perform a SCORE analysis of the finishing line to find improvements of throughput from the 

80_Batt store to customer. There is an existing model of this part of the production line, 

which was excluded from the project in order to save a lot of time. 

• Using the SCORE method for bottle neck detection and optimization of plant 2. 
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Appendix 1 Input data to final model 
Table 4 Input data for operations. 

 

 

Table 5 Input data for buffers. 
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Table 6 Input data for variants. 

 

 

Table 7 Input data for sinks. 
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Appendix 2 Optimization settings 

 

Table 8 Settings for MinBufferSum optimization. 
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Table 9 Settings for SCORE optimization. 
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Table 10 Settings SCORE Optimization, MTTR and capacity. 
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Table 11 Settings parameter leveling 
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Appendix 3 Technical specification NSB100FT 
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