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Abstract 
 
 
Given that we are living in a society that is increasingly concerned with studying and solving problems 

such as environmental impacts, market competitiveness, growing consumer requirements and 

minimizing production costs, it is extremely important to develop new methodologies capable of 

identifying, quantifying and reducing waste as well as practices which increase the productivity and 

motivation of all those involved in this important transition. 

 

Following this logic of resource efficiency and waste generation, a recent methodology, the Multiple 

Layer Stream Mapping (MSM), is presented to evaluate the overall efficiency of the production 

system. 

 

The main purpose of this thesis is the application and development of MSM in a new case study with 

several manufacturing processes. In order to achieve this application and development, it was 

necessary to do an internship in the company for approximately 3 months. 

 

In a first phase, the production system is diagnosed based on the LEAN tool, Value Stream Mapping. 

In order to complement this analysis and take new conclusions, a diagnosis based on MSM is done, 

where it is possible to analyze dashboards which in turn allow identifying and quantify other 

inefficiencies that were not identified through the VSM application. In order to suppress these 

inefficiencies diagnosed through MSM some improvements are suggested. 

 

Moreover, once some limitations were found in the MSM original methodology, other complementary 

analyzes are proposed to quantify the waste that allows taking new conclusions. 

 

To conclude, some actions and improvements are suggested based on the VSM diagnosis and finally, 

the MSM future state is projected, so that, in a logic of continuous improvement, it will minimize waste 

and obtain better efficiencies. 

 

 

 
 
  
 
 
 
 
 
 
Keywords: Waste, Efficiency, LEAN, VSM, MSM, Production System, actions and LEAN 

Improvements. 
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Resumo 
 

 

Tendo em conta que vivemos numa sociedade cada vez mais preocupada em estudar e resolver 

problemas como os impactos ambientais, a competitividade de mercados, a crescente exigência dos 

consumidores e minimizar custos de produção, é de extrema importância o desenvolvimento de 

novas metodologias capazes de identificar, quantificar e reduzir o desperdício, bem como 

metodologias que aumentam a produtividade e motivação de todos os envolvidos nesta importante 

transição.  

 

Seguindo esta lógica de eficiência de recursos e geração de resíduos, uma metodologia recente, o 

Multiple Layer Stream Mapping (MSM), é apresentada para avaliar a eficiência geral do sistema de 

produção. 

 

O principal objetivo desta tese é a aplicação e desenvolvimento do MSM num novo caso de estudo 

com diversos processos de fabrico. Para conseguir atingir este objetivo, foi necessário fazer um 

estágio na empresa de aproximadamente 3 meses. 

 

Numa primeira fase, o sistema de produção é diagnosticado com base na ferramenta LEAN, Value 

Stream Mapping. Para complementar esta análise e tirar novas conclusões, é feito um diagnóstico 

baseado no MSM, onde é possível analisar dashboards que permitem identificar e quantificar outras 

ineficiências que não foram identificadas através da aplicação VSM. A fim de ultrapassar estas 

ineficiências diagnosticadas através do MSM, algumas melhorias são sugeridas. 

 

Além disso, devido a algumas limitações encontradas na metodologia original do MSM, algumas 

análises complementares são propostas para a quantificação de resíduos que permitem tirar novas 

conclusões. 

 

Para concluir, algumas ações e melhorias são sugeridas com base no diagnóstico do VSM e, por fim, 

o estado futuro do MSM é projetado, para que, numa lógica de melhoria contínua, se minimize o 

desperdício e se obtenha melhores eficiências. 

 

 

 

 

Palavras-Chave: Desperdício, Eficiência, LEAN, VSM, MSM, Sistema de Produção, Ações e 

Melhorias LEAN  
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Introduction 
 
 

The growth of the world economy and the increase of population (9 billion inhabitants by 2050) 

played a significant role in the rapid depletion of Earth's natural resources [1]. Increasing 

competition for some resources will contribute to their scarcity and to their rising prices, which 

will affect the European economy. More efficient management of resources is required in a 

sustainable way throughout their life cycle from extraction to disposal, through transport, 

processing and consumption. It is notable that the same goods must be produced with fewer 

resources, changing consumption patterns and reducing operating costs, keeping or improving 

the quality of products. This will limit the risks of resource scarcity while maintaining 

environmental impacts within the natural limits of the planet. Making Europe more resource 

efficient is a way to achieve the objectives of economic, social and environmental policies. That 

is why new European projects have emerged, promoting resource efficiency. 

 

This thesis was developed under the MAESTRI project, a European project, which aims to 

encourage and implement an innovative approach - The Total Efficiency Framework in some 

European companies.  

 

The overall objective of this robust structure is to foster a culture of improvement in industries, 

assisting in the decision-making process, supporting the development of improvement 

strategies and helping to set priorities for improving environmental and economic performance. 

 

The Total Efficiency Framework is based on four main pillars: a) an effective management 

system targeted at process and continuous improvement; b) efficiency assessment tools to 

define improvement and optimization strategies and support decision-making processes; c) 

integration with a toolkit for Industrial Symbiosis focusing on material and energy exchange; d) 

Platform software, based on the Internet of Things (IoT), to simplify the concept implementation 

and ensure an integrated control of improvement process. 

 

The present thesis, within the MAESTRI project, aims to foster and develop the pillar b) in the 

implementation and development of the Multi-Layer Stream Mapping methodology that is used 

to evaluate the general efficiency of organizations. This methodology allows making a more 

detailed and complete analysis in relation to the current LEAN tools, which helps drawing further 

conclusions from an economic and environmental perspective of the production systems. This 

new methodology, presented for the first time in a conference in Singapore (2013) [2], allows to 

visualize, in dashboards, the efficiency of each variable that characterizes the production 

system. The efficiency of each variable is obtained by the ratio between the "added value" 

portion and the total value, which results from the sum of the "added value" portion and the 

"non-added value" portion. 
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In a first phase, to better understand and diagnose the production system the VSM was applied, 

being evident some of the limitations of this tool. In order to complement this analysis, the MSM 

was applied to overcome some of these limitations and to make a more detailed and complete 

diagnosis, therefore allowing taking new conclusions.  

 

After completing the MSM-based analysis, the main inefficiencies are identified and some 

alternatives are suggested to improve the obtained efficiencies. 

 

The MSM methodology is applied to a pellet stove production system at the company Manuel 

da Conceição Graça, located in Alenquer in the Lisbon district. The company, the product 

studied, the objective and methodology of this thesis, as well as the characterization of the 

pellet stove production system are also explained in further detail.  

 

In order to overcome some of the detected limitations of MSM, some developments in the MSM 

are suggested. These allow to overcome some gaps and promote new analyzes. These 

additions essentially concern the development of dashboards that support the cost-based 

decision-making process. 

 

Finally, to eliminate some waste from the production system, some actions and improvements 

were proposed and the MSM future state is projected. Some of these solutions have been 

presented, discussed and implemented at MCG. 

 

In the next chapter, the MAESTRI project is explained along with the principles on which it is 

based, such as LEAN, eco-efficiency and a description of the Total Efficiency Framework. The 

MSM methodology, which consists of its development and its potential, is also explained. 
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2. State of Art  
 

Ever since the beginning of the industrial history, it is undeniable that a country’s economic 

wealth and growth essentially depend on its industry sector prosperity and development. 

However, thanks to globalization, the manufacturing industry is always under pressure to grow 

its competitiveness [3].  

In the last decades, productivity levels grew so much that some companies achieved 

extraordinary results. This resulted from the adoption of innovative techniques from the 

introduction of advanced technologies for production and management systems, the 

optimization on labour management, to the improvement of the efficiency as far as consuming 

materials and semi-finished products is concerned [4,5]. The LEAN principles had a 

fundamental role regarding the growing productivity and efficiency, and helped to boost and 

improve the companies’ evolution rate [6]. 

Nowadays, there are more and more concerns related with materials and other consumed high 

cost goods and general shortage. Therefore, some methodologies and tools have been created 

to support, maintain and grow production levels, to reduce the production timings, the cost and 

the consumption of materials and electricity [6]. Aiming to receive this improvement, enterprises 

and analysts are now committed in finding new methods to implement more and more 

sustainable operations [6,7].  

The research on the relation between the LEAN principles and sustainability seems to be an 

achievable way to integrate and implement both these concepts [7]. 

Aiming at the sustainable development of industry and solving problems like the environmental 

impacts, the competitiveness of markets, the increasing requirements of the consumers and 

minimizing the production costs, this thesis consists in the development of the MAESTRI 

project, which appears as an innovative approach and a good solution [7,8]. 

The MAESTRI project aims to promote the sustainability of European manufacturing and 

process industries by applying LEAN methods, introducing the concept of eco-efficiency and 

implementing a new approach, the Total Efficiency Framework [8]. 

The Total Efficiency Framework is an approach developed by the MAESTRI project that seeks 

to encourage a new culture of improvement in industries, supporting the decision-making 

process and the development of improvement strategies as well as help setting priorities to 

improve environmental performance and economic development of enterprises [9]. 

This approach integrates the LEAN philosophy based on a set of principles and tools that 

eliminate waste. It also integrates the concept of eco-efficiency, which is based on creating 

more value with fewer resources, producing less waste. 
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 In addition, it incorporates two methodologies aimed at implementing LEAN and eco-efficiency 

logics, Multi-Layer Stream Mapping (MSM) and Integrated Eco-Efficiency Methodology for 

Production Systems (EcoPROSYS), respectively [8,9]. 

All this integration will allow evaluating resources and manufacturing processes within the 

Maestri Project, concluding with an overall assessment of system efficiency and eco-efficiency 

performance [9]. 

This chapter explains the keys concepts that help understanding the work developed in this 

thesis which is based on the MAESTRI project's perspective by applying principles of 

continuous improvement and promoting innovative methodologies. 

2.1. The MAESTRI project vision 
 

The MAESTRI project is focused on promoting the sustainability of European’s processing and 

production industries. More precisely, MAESTRI is focused on evaluating any impacts on the 

manufacturing process’ continuous growth aiming to reach even better results [9]. 

The MAESTRI claims that there is a need to recycle some waste and improve this method in a 

sustainable way in order to develop more efficient processes. Nevertheless, despite the huge 

improvement potential of the environmental, economic and social sharing resources, it is 

essential to identify, understand and evaluate the available resources of the companies. 

Furthermore, the increase on modern monitoring and process optimizing availability should be 

carefully adapted and included so it is possible to use these cutting-edge instruments and tools 

in an easier and wider manner [8,9].  

In summary, the MAESTRI points out that it is fundamental to reduce the environmental impact, 

boost the competitiveness and also the production system efficiency, by “doing more with less” 

[8]. 

Worlée, JWO, GLN Plast and MCG are the industrial partners of MAESTRI project. As far as 

R&D partners are concerned, INEGI (Instituto de Engenharia Mecânica e Gestão Industrial), 

ISQ (Instituto de Soldadura e Qualidade) and Microprocessador are the main contributors [8]. 

Figure 1 illustrates the extremely objectiveness and clearness vision of MAESTRI project. As it 

can be observed, Figure 1 relates the actual pattern of a general industry, in which a given 

factory receives its raw materials, energy and consumables and converts them in products and 

waste. This system is a cycle which repeats itself over and over again [8]. 

Thereby, the waste produced is accumulated since it isn’t reused. Besides, another flaw of the 

current situation, is the lack of a structural management system or tool to help the company 

define and monitor its goals [8,9]. On the other hand, when the MAESTRI vision is applied, 

several industries become connected to each other (enhance cross-sectorial (value chain)), that 

is to say, all resources are connected: the waste generated by one industry become the raw 

material of another one (“better use of resources”).  
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This way, all resources and energy are shared between companies; since all waste is used as a 

resource, more final product is produced and the optimization and monitoring leads to better 

decisions regarding the environmental, economic and social aspects of the company [8,9]. 

 

 

 

2.1.1. The Total Efficiency Framework 

The MAESTRI project aims to advance the sustainability of European manufacturing and 

process industries. This is done by providing a management system in the form of a flexible and 

scalable platform, and to guide and simplify the implementation of an innovative approach [8]. 

As a basis of functionality, MAESTRI has a wide approach that will allow the manufacturing 

process monitoring and optimization which might have a great impact on the industry. This 

creative and original perspective made by the project’s founders was first implemented thanks 

to the development of the so called Total Efficiency Framework. Its essence is to foster 

industrial sustainability aiming at overcoming the remaining obstacles and promote sustainable 

improvements [10].   

Figure 1 - The MAESTRI project vision, taken from [9] 
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The overall aim of this framework is to encourage a culture of improvement within process 

industries by assisting the decision-making process, supporting the development of 

improvement strategies and helping define the priorities to improve the company’s 

environmental and economic performance. Fundamentally, it can be subdivided in four main 

pillars: management system, efficiency evaluation tools, industrial symbiosis and the software 

platform that is based on the “Internet of Things” (IoT) (Figure 2) [8,10]. Through this 

Framework, there is a great will to encourage and awake a culture of progress in the processing 

industry. By supporting the decision-making processes, developing the progress strategies and, 

finally, helping establishing the companies’ priorities for an advanced environmental and 

economic level [10]. The Total Efficiency Framework also enables to distinguish and evaluate 

material and energy consumption main inefficiencies, which will help and ease the decision-

making process to implement future improvements [8,10].  

 
 

 

 

The first pillar (Figure 2), the implementation of management systems will allow the 

development of motivation strategies, people engagement schemes and cultural behavior 

analysis. These will be applied in order to improve efficiency and support the continuous 

improvement process [10]. 

The second pillar (Figure 2) consists in the inclusion of efficiency assessment tools.  These are 

implemented mainly to define strategies that will improve, optimize and support the decision-

making process. 

Figure 2 - Concept of Total Efficiency Framework. Adapted from [8] 
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 Among the efficiency assessment tools two methodologies are included: the MSM © - Multi-

Layer Stream Mapping and the EcoPROSYS © - Eco-Efficiency Integrated Methodology for 

Production Systems [8].  

The MSM aims to quantify the resources’ consumption efficiency and assess the operations’ 

performance. This methodology aroused a great curiosity and motivation among the MAESTRI 

project’s collaborators [8,9].  

The EcoPROSYS strives for assessing the eco-efficiency’s performance. The purpose of both is 

to optimize the processes and flows using cost savings optimization. At last, the decision-

making model will be composed by the simulation of scenario-based assessment models, 

predictive models to identify consumption patterns and models to optimize energetic and 

resource efficiency [8]. 

The third pillar (Figure 2) is related to the industrial symbiosis. This is intended to promote 

resource exchanges (materials, energy, water, wastes, etc.) whether for each individual 

company or between multiple ones. In order to develop industrial symbiosis, it is of an extreme 

importance to identify residues and, above all, understand and interpret the success factors 

associated to implementations and attempts to implement the industrial symbiosis. The intent is 

to develop a database of all the waste that later on will be converted into resources for another 

enterprise. MAESTRI project’s members want to take the lead and trigger other companies to 

identify recycling opportunities for their own waste, bearing in mind that it is essential to expand 

the industrial symbiosis practice throughout all European Union [11]. 

At last, the fourth pillar (Figure 2) is based on the IoT platform development, aiming to simplify 

the concept’s implementation and to ensure the continuous improvement process integrated 

control. Thus, the IoT platform will be able to monitor the process data in real time, more 

precisely, to assess and improve the efficiency and eco-efficiency of the industry’s performance 

in a progressive way [8,9]. 

The platform should promote and support the total efficiency board as well as allow the 

improvement on the company’s support to the decision-making process, whether it is a 

development action or when purchasing new and more efficient technologies [8,9]. 

 

2.2. Eco-Efficiency  
 

2.2.1. History and Meaning  

In 1998, eco-efficiency was defined by Organisation for Economic Co-operation and 

Development (OECD) as “the efficiency of ecologic resources that are used to fulfil human’s 

needs” and by 2011, Picazo-Tadeo et al. defined as “the capacity of businesses, industries and 

economies to produce goods and services, at the same time they cause less impact to the 

environment by consuming less natural resources” [12,13]. 
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 According to the World Business Council for Sustainable Development (WBCSD), "eco-

efficiency is considered to be a management philosophy that encourages companies to search 

for environmental improvements which provide benefits to the economic performance” [14]. 

Eco-efficiency’s critical issues are: the reduction of material and energy intensity in products 

and services, the decrease of toxic materials dispersion, the recycling and renewables 

promotion and the upgrade of products lifespan [14,15].  

 

2.2.2. Eco-Efficiency Assessment 

Nowadays, the eco-efficiency performance assessment of a production system represents a 

great deal. This assessment enables the companies’ decision-making process about the 

economic and environmental performance of basic systems within the industrial production 

systems [16,17].  As mentioned previously, the EcoPROSYS software main goal is to assess 

eco-efficiency’s performance in order to support the decision-making as well as maximize 

product and process value while minimizing the environmental impacts. EcoPROSYS is a tool 

that is used to identify and quantify key-variables, to assess environmental issues and to 

evaluate unit processes as well as to measure eco-efficiency’s global performance [18].   

Eco-efficiency can be represented by the following Equation (1). It aims to improve 

competitiveness, environmental performance and stimulate productivity and innovation, 

increasing service or product value and reducing environmental impact [15,17]. 

 

𝐸𝑐𝑜 − 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑉𝑎𝑙𝑢𝑒

𝐸𝑛𝑣𝑖𝑟𝑜𝑛𝑚𝑒𝑛𝑡𝑎𝑙 𝐼𝑚𝑝𝑎𝑐𝑡
  (1) 

 

In summary, attention should be drawn to one of the main issues faced by companies when 

conducting an environmental sustainability: the lack of focus [19].  

In order to bring a change on the nowadays industry’s mentality, the MAESTRI project’s role is 

reiterated. It aims to take the lead and to inspire the manufacturing industry [8,9]. 

 

2.3. LEAN 
 

Nowadays, the competition is becoming higher and higher between manufacturing industry. In 

order to keep the competitiveness, it is fundamental that companies adopt new strategies that 

seek a higher productivity and a higher processes efficiency by minimising waste sources [3,6]. 

 

LEAN is a good strategy for this purpose.  
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2.3.1. LEAN Manufacturing  

In 1990, the LEAN Manufacturing concept definition was noticed for the first time when 

Womack, Jones and Roos published the book “The machine that changed the world”. The book 

was based on a study made by the authors about the car industry progress, comparing the 

occidental mass production system with the Toyota Production System (TPS) [20].   

According to Ohno [21], an industrial engineer of Toyota, any activity or process that does not 

add value to the product is considered a waste. All residues add time and cost, therefore, every 

waste is considered a symptom and not the cause of the problem, thus they must be eliminated 

[21].  

 

In 1988, Womack and Jones described seven waste types (Figure 3), MUDA, all presented in 

Taiichi Ohno’s book “Toyota Production System: Beyond Large-Scale Production” [21,22,23]: 

 

1. Overproduction – to produce too much or too early. Usually happens when huge batches 

are produced, which will cause accumulation in the supply; 

2. Defect – product defects take place during rework, which lead to the necessity of the 

production reallocation, consequently increasing the costs; 

3. Waitings – related to the waiting time for an answer from department to department or from 

the product transition one section to another; 

4. Transportation – includes the transportation of products and raw materials from a place to 

another; 

5. Inventory – the product stock, whether as raw materials or finished products. The Inventory 

occupies free-building-space. Thereby, it needs to be transported and it can be damaged 

when stocked; 

6. Excessive movements – related to the amount of time wasted in unnecessary movements 

made by the operator or by the machine; 

7. Rework – corresponds to the waste on repeated work or in actions that are not adding any 

value to the product. 

 

Accordingly to Womack [24], there is an eighth waste type (Figure 3), extremely important and 

many times disregarded: the underutilization of talent. It happens when the operators are not 

involved or asked to solve specific problems within the company [23,24]. Figure 3 represents 

the eight types of waste [25]. 
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Despite LEAN philosophy’s huge interference in the industry, it has been only implemented 

superficially. Most of the times these industries are focused in the massive use of tools, without 

understanding that the LEAN system should be instituted in the organization’s culture [21]. 

 

2.3.2. LEAN Thinking 

 

The appearance of the LEAN concept in the book “The machine that changed the world” was a 

success but, despite its significant benefits, implementing this philosophy is a hard and broad 

task. For that very reason, the industry was looking for something more practical and specific, 

like an implementation guide which could consequently put LEAN into practice [24]. 

Later, in 1996, Womack and Jones published the book “LEAN Thinking: Banish waste and 

create wealth in your corporation”. The expression LEAN Thinking was first used by these 

authors and the purpose was to render the LEAN Manufacturing transversal to all industries, 

following five main principles [24]: 

1.   Identify Value – Setting the product value is the first step to this implementation. As a 

matter of fact, the client is the one who sets exactly what he searches for and what is willing to 

pay for; 

2.   Map the Value Stream – To map all the waste related and needed operations so that raw 

materials can be transformed into finished products and delivered to the customer; 

3.   Create Flow – The identification and elimination of all the waste on the flow value process, 

which enables the creation of a seamless flow in the process; 

Figure 3 - The eight types of waste considered by Womack and Jones. Adapted from [25] 
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4.   Establish Pull – The main principle of this strategy is to produce only what is consumed by 

the client, by demand. This allows all the company’s resources to be used and transformed 

automatically into profit thanks to this direct sale to the costumer; 

5.   Seek Perfection – In conclusion, if the first four principles are working properly, they will 

interact between themselves with a bond that is going to grow them even stronger, which 

enables the value to flow faster and faster. The purpose is to have the most effective production 

possible, eliminating the waste and searching for perfection. 

The development and post-consolidation of these five principles enabled the LEAN 

Manufacturing’s implementation in any industry in a simpler and more intuitive way [24]. 

 

2.3.3. LEAN Tools 

 

The LEAN Manufacturing sorts several tools and techniques whose execution and solutions 

development require the intervention of multiple participants from the organization.  

The practical problem solving enables organizations to have common understanding and 

definition of what “a problem” actually is, which in turn creates a fast and urgent initial response. 

A standard problem solving approach avoids loss of due time in debate and discussion [26]. 

There is a concept linked to the Kaizen philosophy, which is the PDCA cycle. PDCA stands for: 

"Plan, Do, Act and Check". This cycle is an iterative management process composed by 4 

phases that determine how to proceed in the context of continuous improvement process [27]. 

This concept was created by William Deming based on the Shewhart cycle [28].  

The following Figure 4 shows the four phases of the PDCA cycle. 

 

 

Figure 4 - The PDCA cycle [27] 
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PDCA cycle is one of the earliest forms of continuous improvement methodology and almost all 

of today’s improvement methodologies, namely Six Sigma and LEAN, are based on this 

approach. It describes a systematic and continuous approach to problem solving, and it is used 

since 1950 by Japaneses to improve quality throughout the organization [29,30]. 

In the present work, three LEAN Tools are applied: the Value Stream Mapping (VSM) was the 

first applied, which is a graphic representation of the production system.  Besides being a 

diagnosis tool, this one paved the path to Multi-Layer Stream Mapping’s inception, which is why 

VSM will have more emphasis throughout this thesis. The Single Minute Exchange of Die 

(SMED) that is the quick tool change, and at last, the 5S, a tool focused on the workplace 

organization through the standardization of procedures and work tasks.  

 

2.3.3.1. Value Stream Mapping 

The VSM is a LEAN tool that allows a visual representation of all the stages involved in the 

material and information flows as far as a given product following the flow value is concerned.  

Consequently, it enables the identification of what really adds value to the product, considering 

its whole manufacturing path, from the suppliers of raw materials to the final costumer. Besides 

allowing the visualization of materials and information flows, it also helps identifying and 

eliminating the waste [31]. The VSM is an observation, measurement and comprehension 

process of the production’s actual state hence illustrating the process map that will be the base 

of LEAN Thinking. The VSM aims to identify improvement opportunities in order to boost the 

production and it’s applied both on the actual state mapping as well as on the future state 

mapping [31]. 

The actual state mapping helps identifying the source of waste and provides a common 

language to manage production processes in order to discuss and apply the LEAN techniques 

[31]. 

The VSM first step consists in selecting a product family composed by product groups that get 

through similar processes and use equivalent equipment in the manufacturing processes [31]. 

Overall, this tool is well accepted thanks to its simplicity, even though it has a few limitations 

due to its exclusive-product-application, which makes it difficult to use in production systems 

that have multiple processes [32].  

The VSM second step’s purpose is to present the flow value’s actual state.  This diagnosis 

consists in gathering information and measurements in each workstation. VSM’s construction 

respects the symbolism used as a common language, guaranteeing the uniformity and 

interpretation of all maps in an accessible way. Figure 5 illustrates an example of a VSM actual 

state [31]. The final step consists of building up the VSM future state.  
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Aiming the future state achievement drawn, improvement actions are undertaken and 

implemented as fast as possible. As the future state starts to show results, the company should 

build up a new VSM future state, which is usually called continuous improvement [31,32]. 

 

 

Figure 5 - Example of a VSM current state [33] 

 

2.3.3.2.  Single Minute Exchange of Die 

Nowadays, more and more industries are forced to work with small batches which considerable 

increase the frequency of tool changes and reduces the available time of production. In order to 

surpass this constraint, it is imperative to make the tool changes faster [34]. 

This method, known as SMED, has a huge importance because it is capable of analysing the 

added value activities, eliminating or converting all those actions that do not add value to the 

product into productive time. This method was developed by Shingo to reduce and simplify the 

timings of tool changes. These two benefits make SMED a great tool oriented to innovate and 

upgrade processes [35]. 

This method is applicable through very simple techniques of easy implementation. The non-

productive time is reduced through tool change operations’ simplification and reorganization 

[36].  One of the main issues when implementing this method is the identification and 

classification of tasks [36].  
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According to Shingo [35], the external operations correspond to tasks that can be performed 

while a certain production machine is working. Conversely, the internal operations are the ones 

which make the production break mandatory [35].  

 

2.3.3.3. 5S 

The 5S methodology is based on the maintenance and organization of the workstation. Its goal 

is to reduce the waste as well as to improve processes and people’s performance, thanks to 

organizational techniques [37,38]. 

The purpose of 5S consists on creating a cleaner, arranged and organized workstation which 

can stimulate a better work environment and a better comfort. In addition, the employees feel 

more motivated on their tasks and do not waste time or information thanks to disorganization 

[37,38].  

According to Parrie, the 5S methodology is the foundation to succeed when implementing the 

LEAN Manufacturing [39]. 

Several studies indicate that LEAN practices do not necessarily improve the environmental 

performance of organizations [40].  

However, the practices of LEAN Manufacturing are being increasingly studied and evaluated 

almost as a catalyst to develop innovative strategies. Besides, VSM, which is essentially used 

to identify waste, has received special attention in order to adapt to green and sustainable 

manufacturing [41]. 

 

 

 

 

The conventional VSM methodology does not contemplate the environmental performance; it 

only quantifies time variables [41]. The absence of indicators and metrics related to resource 

efficiency is insufficient to perform a general analysis of a production system. In this way, the 

VSM is a tool that tends to evolve certainly from a sustainable perspective [41]. 

Aiming to overcome this limitation, MSM, based on VSM, was applied in association with the 

MAESTRI project and was developed to evaluate the efficiency of resource consumption as well 

as to evaluate the operational performance of the industrial processes. This analysis resorts to 

different Key Performance Indicators (KPIs), not only to describe the production system, but 

also to quantify the resources consumed and their economic and environmental impacts [2]. 
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3. The Multi-Layer Stream Mapping  
 
 

3.1. Origin and Description 
 

The Multi-Layer Stream Mapping methodology, MSM©, was designed by INEGI as a studying 

assessment methodology for eco-efficiency in industrial systems. This methodology was 

completed by Emanuel Lourenço, António Baptista, João Pereira and it was first introduced at 

the 20th CIRP International Conference on Life Cycle Engineering, which took place in 

Singapore on April 2013 [2]. 

The Multi-Layer Stream Mapping’s methodology is based on a clear and simple-interpretation-

approach which aims to assess the overall performance of the production systems. It allows 

assessing the resource consumption efficiency, the operations performance as well as the 

monetary cost of all resources consumed [2]. 

The MSM© applies several performance indicators relevant for the activity under analysis. 

Systematically, each of them is represented by aggregated efficiency ratios () from 0% to 

100% to obtain a global efficiency value for the production system under analysis (Equation 2) 

[6]. 

 

𝜙 =
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒

𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 + 𝑁𝑜𝑛−𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒
     (2) 

 

Thereby, unlike the VSM that focuses solely on added and non-added values related to the time 

dimension, the MSM’s approach aims to diagnose and evaluate the overall efficiency of any 

production system also taking into account the environmental and economic performance and, 

at the same time, simplifying the identification and quantification of resources streams [42].  

Taking into account the efficiency of some variables which are linked to one or more processing 

units and to variable dimensions called “Layers”, hence the name “Multi-Layer Stream Mapping 

" [2,6]. 

Where “” is the efficiency level associated with the analysed variable; the “Added Value” is 

related to the portion that adds value to the product and, for that reason represents the “useful 

consumption” of stream flow. In a similar manner, the “Non-Added Value” is considered the 

portion that represents the waste/misuse of time, money, resources and other possible 

variables [2]. 
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The MSM© should be used not only for a diagnostic analysis but also to support the decision-

making process, especially to monitor complex systems. It permits identifying critical resources 

consumption, critical operations performance and crucial processing units if previous 

quantification of all inefficiencies of a certain production system or unitary process is done. In 

addition, MSM© also enables the evaluation of the system’s monetary costs, makes the 

implementation of improvement actions credible and allows visualizing progress as far as 

efficiency and continuous improvement in organizations are concerned [2,43]. 

        

The MSM methodology can be compared to a “M x N” matrix, where the “M” is the number of 

processing units and the “N” represents the number of variables. In order to apply this 

methodology, the following criteria should be considered [6]: 

1. Define boundaries for the system under analysis; 

2. Define the processing units under analysis; 

3. Define the relevant variables on the process and subsequently the parameters: KPI’s 

definition associated to each variable; 

4. Assess the results, identify the parameters and processing units with minor efficiency 

level, with the main goal of taking action and prioritizing improvement actions; 

5. Implement improvement actions and evaluate the development of efficiency’s earnings 

and consequent cost reduction. 

 

Regarding the resource efficiency assessment, the Multi-Layer Stream Mapping grants multiple 

efficiency evaluations on several processes, namely the unitary efficiency ratio, the efficiencies 

of process parameters and each parameter alone and the processing unit’s efficiency. 

Concerning all these efficiencies, the global resource consumption efficiency of the system 

under analysis can be determined (Figure 6). 

 

Figure 6 - Example of a general MSM Efficiency Scorecard [2] 

 



 17 

Furthermore, the same occurs for the overall operations assessment of the processes under 

analysis, from the most elementary efficiency to the operational global efficiency.  

The general performance of the production system for each processing unit is determined by 

the product between the resource efficiency and the operational performance of each 

processing unit (Equation 3). Therefore, the average value of all processing units sets the 

system’s global efficiency.  

 

𝐺𝑒𝑛𝑒𝑟𝑎𝑙 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 ×  𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 (3) 

 

Where “General Performance” represents the overall efficiency of the analysed production 

system; “Resource Efficiency” is the efficiency of resource consumption for the analysed 

production system and the “Operational Performance” is the efficiency of operations for the 

analysed production system. 

During the development of this methodology, a range of common visual hints were used to 

simplify the results interpretation. 

The four colours were adopted according to the percentage of efficiency achieved. This 

approach aims to reach the maximum global efficiency of the system under analysis in terms of 

resources consumption and operations performance. Simultaneously, it stimulates and 

gradually encourages a new mentality of continuous improvement. On the other hand, this 

might promote some competitiveness among teams [2,6]. 

  

3.2. Types of Scorecards  

 

The obtained results allow the assessment of the resource efficiency and global operational 

performance within the diagnosed system. The MSM’s results are presented by the original 

"scorecard" which in turn is represented by individual or composite panels. The costs 

associated to each processing unit and to each process parameters can also be a result of 

MSM’s approach, allowing a quite simple cost analysis that considers the added cost value and 

non-value namely, the consumption variables of the resources. Such results can support the 

decision-making process in terms of analysis and actions to improve earnings.  

The MSM board can be used systematically to identify which processing units are less efficient 

or even critical within an analysis on global efficiency assessment of a complex production 

system. It enables a continuous improvement of the production system through a systematic 

and standardized assessment of the efficiency of a particular processing unit, production line, 

production sector or even the efficiency assessment of several factories in the same company. 
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It also allows the evaluation of “where” and “how much” a processing unit can improve its 

performance. Another important aspect of this approach is that besides allowing the operational 

performance and resource efficiency assessment, it further shows the objective and the 

disaggregated cost analysis, as mentioned above. 

The MSM approach main limitations are related to the quality and to the wide range of 

assumptions that can be made to define the portion of added value and non-added value. If 

these are not well established, the results’ interpretation can be deceiving. 

The MSM’s results can be displayed in different formats according to the type of analysis 

carried out. However, the “scorecards” format should respect the four colour scale previously 

shown, so that the visual aspect associated to this tool can be maintained.   

The scorecards should only include useful and relevant information that can represent the 

system in a simple and intuitive way, enabling an easy interpretation for all people that will 

analyse the results. This will consequently, reduce the time identifying problems.  

 

According to the MSM methodology, the most common scorecards are: 

• Extended Scorecard – includes all the variables used on the analysed system. This 

scorecard exhibits its results without any kind of aggregation related to the type of 

variables; 

• Resources Scorecard – In this specific scorecard only the variables linked to 

resources consumed during the process are exhibited. These variables are mainly 

related to time, energy, materials and other goods consumed during the analysed 

process; 

• Operations Scorecard – Connected to operations, it should include variables like 

availability and quality. This will allow the reader to understand how the operation is 

created according to its potential; 

• Resume Scorecard – Shows the system’s aggregated efficiency. The aggregation 

includes information about resource consumption efficiency and other operational 

performance variables that mark the system. This card is especially important to top 

management teams; 

• Costs Scorecard – Shows the costs associated to the variables under study, exhibiting 

the costs that aggregate value to the final product as well as the costs that do not 

aggregate value. This specific card, unlike the others that are similar to a matrix’s 

display, will show the results on a chart (Figure 7), where the green colour represents 

the costs associated to added value and the red colour to the non-added value.  
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Figure 7 - Example of MSM Costs Scorecard [6] 

 

3.3. Multi-Layer Stream Mapping 2.0 

 

According to the work developed by Manuel Gomes (2016), the methodology that should be 

followed in the MSM 2.0 focused on waste is based on the original MSM. Gomes proposes to 

assess activities that do not add value known as the non-productive activities despite his 

previous assessment of added value activities, known as the productive ones [44]. 

These activities can be decomposed in three different types according to the methodology 

suggested by Gomes (2016):  

 

• The setup, defined as the time to prepare an equipment which occurs between the last 

good part produced and the first part approved from the next production cycle;  

• The storage, where semi-finished or finished parts are stored temporarily before being 

used in the production or assembling line; 

• Transportation that represents different processing units that integrate the production 

flow within an industrial unit. Since these are divided and separated, it implies the use 

of transportation systems.  

 

As the analysis promoted by the MSM 2.0 is focused on waste, only the non-productive 

activities that do not aggregate value to the product are assessed. The formula to calculate the 

KPI’s ratio is decomposed in two different formulas ((4) and (5)) depending on the type of 

variable that is being estimated. 
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For the KPIs that should be minimised, once the current values are above the company’s target 

(𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 > 𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒), the Equation (4) must be used. For the KPIs that should be 

maximised and once the current values are lower than the company’s target (𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒  

𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒) the Equation (5) must be employed [44]. 

 

𝜙 =
𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒
 (4)            𝜙 =

𝐶𝑢𝑟𝑟𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒

𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒
 (5) 

 

The target value definition, in both cases, should be set by the company according to the 

objectives and type of activity that is under assessment. In order to establish a target-value, the 

use of industry reference values is advised and can be found through benchmarking studies. 

Alternatively it can be determined simply by considering the company’s best performance 

according to its history, or even the best performance result during this internship. 

The target value should not be a fixed value and whenever a result better than the target is 

achieved, the previous target value should be redefined, not allowing scores beyond 100% as 

the original MSM methodology suggests. Nevertheless, the company’s ambitions must also be 

taken into account when defining all the target values. However, too ambitious goals will push 

down the overall efficiency level and this can wrongly suggest that the system is working poorly. 

For this reason, realist target values must always be used as reference [44]. 

 

3.4. Industry Applicability and its Potentials 
 
 

According to Baptista et al. (2014), this approach potential grows due to its wide applicability in 

several organizational sectors, not only because there is no need for an advanced scientific 

procedure, but also due to the fact that there is no limit in the number of variables that can be 

counted and posteriorly assessed through this approach [6]. 

The application of MSM in software would simplify its use at the shop floor, once the loading of 

simpler data becomes more viable and immediate. The loading could only be done, if the data 

to be quantified was properly digitalized which, most of the times, is extremely hard or even 

impossible. This second option could only be possible if the data was digitized, which is 

extremely difficult or even impossible in some cases. If this method is implemented, it can bring 

countless benefits, mainly in monitoring as a mean to identify in real time where the 

inefficiencies are occurring. This can be used to maintain product quality levels, utilization ratios 

and productivity levels too [42,45]. 
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Another great feature is the facility that this method brings when drawing scenarios and possible 

consequences by modifying some KPIs, to analyse how these changes would influence the 

system’s aggregated result. Thanks to the tool’s transposition to a digital platform boundary 

values for the indicators can be set. Thus, the system can issue a warning when the process, 

machine or object of study is out of these limits [42,45]. 

The implementation of performance assessment tools can, as expected, be recognised as an 

important element to manage organizations allowing to set global goals and helping to know 

“where”, “how” and “when” is possible to implement improvements. A company’s success is 

strictly related to the efficiency rate on processes, which validates the product’s 

competitiveness. As a result, performance assessment has an extremely relevant role in 

planning and controlling because its prime function is to provide information related to every 

process developed by the company, its relation to results as well as associated risks. In 

conclusion, the efficiency of any control strategy depends, among many factors, on adapting the 

developed performance measures and the implementation of a well-structured performance 

measuring system. 

 

Regarding the visualization of cost scorecard, it presents a very simple value-added and non-

value-added cost analysis that does not allow us to interpret "where" and "how much" a given 

process has cost either in value added tasks or in non-value added tasks. 

 

Thus, through this thesis, in collaboration with MAESTRI, arises a great opportunity to solve this 

referred handicap. 
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4. Case Study and Methodology 
 

The thesis specific goals are explained in this chapter. The method that has been applied, with 

the collaboration of the MAESTRI project, was and continues to be the implementation of the 

Total Efficiency Framework approach at MCG. Over a period of 4 years, the project will deliver 

exploitable results clustered into technological outputs and structured solutions. In this thesis, 

the obtained results are destined to MCG, one of the fourth MAESTRI industrial’s partners.  

The contribution of the thesis in the application of this approach consists on the test and 

validation of MSM and support decision-making for a production system, considering not only 

the operational performance, but also environmental and economic concerns.  

The MSM was applied in two different perspectives: in a first stage, it served as a diagnostic to 

the production system. On the second stage, it served as a monitoring and control perspective 

of the production system. 

To achieve the main objective, the present work was partially developed in industrial 

environment. The following sub-chapters clarify the thesis objective, describe the company 

where the work was developed, describe the study object product in detail and finally, briefly 

describes the production system. 

4.1. Goals  
 

As it is clarified, this thesis is segmented in several steps until reaching MSM analysis and 

discussion, which is the main objective of this work, as shown in Figure 8. 

In an initial stage, in order to understand and get involved with all the processes and industrial 

flows of the production system in question, an internship in the company that took 

approximately 3 months was fundamental. During this time, it was possible to make a diagnosis 

of the pellet stoves production line. 

The data used to build the initial state of the VSM were collected through visual observation, 

time measurement, informal operator interviews, energy metering devices, software and paper 

record analysis as well as from some meetings with both production directors and supply chain 

managers. 

With the main objective of applying MSM to the production system studied in mind, VSM was 

first applied, which allows a simple analysis of activities with added value and activities without 

added value, only distinguishing these activities regarding the variable time. 

It should be noted that in this case study the main focus are the industrial processes, having 

them decomposed in the "process itself" (the activity with added value) and in the setup and 

waiting time associated with each process (activities without added value).  
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Moreover, it will be an opportunity to try to overcome some of the gaps in MSM and fulfil other 

needs Therefore, nothing better than presenting them under the MAESTRI project (the cost 

analysis is very general and simple, not allowing help in the prioritization of improvement 

actions). 

Before applying the methodology, it is necessary to identify and create the KPIs that best fit the 

production system studied. Once the KPIs were defined, the MSM 1.0 methodology was then 

enforced to make a more complete and detailed analysis of the pellet stoves’ production 

system, combining the productive processes with the economic and environmental aspects. 

In addition, some improvement solutions previously mentioned are presented and developed 

allowing the future state of the process to be redesigned. In order to enable the monitorization 

of the process and contribute to the decision-making action, some dashboards are presented in 

both an audit perspective and a control perspective. 

The next step will be to re-analyze the future state and try to develop new solutions with the aim 

of following a logic of continuous improvement considering not only resource consumption and 

operational performance but also the economic and environmental aspects. 

In the following chapters, the production system will be characterized. 

 

 

 

Figure 8 - Methodology for the developed work 
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4.2. Case Study  
   

4.2.1.  Company and Product  

MCG is a family business located in Carregado, district of Lisbon, with a history of more than 

sixty years dedicated to the metallic components industry. Founded in 1978 as a continuation of 

the deceased Mr. Manuel Conceição da Graça’s work made during the 40s. In 2016, MCG had 

more than 450 employees and was doing business with more than 100 clients around the world. 

The work teams gathers experience from senior collaborators but also include young engineers 

that are focused in learning and making the company grow.  

The MCG mind for metal is organised in five main business areas; the automobile area, the 

stamping tools development area, the laser area, the solar area, and the transportation area. 

The company is distributed in five different buildings, as it is can be observed in Figure 9. The 

production system which is about to be analysed is located in the laser area and focuses on the 

study of a production line from a heating device. 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

This study evaluated the production flow of one of the parts that compose a pellet stove, a 

heating device (Figure 10). The pellet stoves are an ecologic alternative to traditional heating, 

because of an eco-fuel that is used which causes no harm to the environment since the CO2 

emission levels are lower. The pellets are little cylinders made of residual wood, sawdust and 

pressed chips. The stove is composed by two elements: the body and the cover. The body 

consists in the main structure, furnace, silo and the electronic component, while the cover 

consists in the external part of the heating device. MCG produces several stove models, 

approximately ninety-seven different models, nine body models and thirty-three cover models. 

SKIA, a Belgian client and company that imports this product, demands that all stoves are ultra-

customizable and exclusive.  

Figure 9 - MCG mind for metal Figure 10 - The Pellet Stove 
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The stove used as a case study for the diagnosis and analysis of a production system   is the 

P46-Mini Fusion Glass Door, bearing in mind this is one of the most produced models by the 

company. Within this model, a specific part was selected and followed on the shop floor in order 

to gather measurements and information about the production system’s actual state. The 

selected part is a component of the furnace, where the product combustion happens. This part 

of the furnace was granted to go through the main manufacturing processes, allowing the 

conduction of a complete study about the production system.  

 

4.2.2. Production System Characterization 

 
In general, the production system is often complex, involving several manufacturing processes 

with a material flow entering and exiting at different stages throughout the value stream.  The 

goods are produced in the shortest period of time and at the lowest possible cost, without 

compromising the quality and properties requested by the customer [46,47]. 

 

MCG’s production system is characterized by a multi-production system, with a variety of 

produced goods and different clients.  

Currently, the company’s philosophy follows the MTS – make-to-stock – logic, that is to say, 

products are manufactured based on demand forecasts that will be sent to stock, waiting an 

order by a client.  

According to MCG´s production directors, being able to manage such unpredictable requests 

without affecting the production system’s performance is an extremely challenging and complex 

task. 

 

The analysed production system is fundamentally characterized by: 

• Six manufacturing processes, spread over 3 different factories - Metal 1, Metal 3 and 

Metal 5; 

• Three warehouses containing semi-finished and finish products - W1, SKI 1 and SKI 2; 

• Warehouse of raw materials (beside Metal 3) and the expedition warehouse (Metal 5); 

• The kits, an auxiliary operation within the production flow, aims to manually aggregate 

the necessary parts to form a kit (a set of parts); 

• External services might be needed for some manufacturing processes, the outsourcing, 

in order to meet the delivery dates agreed with the costumer; 

• Lack of management and quality control along the production flow. 

 



 26 

The stoves production system embraces several manufacturing processes, as represented on 

the scheme below (Figure 11). This work analyses all the manufacturing processes except for 

the Finishing and Powder Painting.  

 

 

 

Figure 11 - The Stove’s Production System 

 

The manufacturing processes within the production system analysed, namely, the added value 

activities are described below: 

 

Laser Cutting- The first manufacturing process, located in Metal 3, a thermal cutting 

technological process that through a light beam applied on the material shows that the high-

density energy from the beam promotes fusion and consequently evaporates the material. The 

company has two laser cutting machines, the TruLaser 5040 (machine analysed) and the 

TruLaser 1030.  

 

Besides the energy, materials and air consumption, the laser machines need several 

consumable gases: helium, nitrogen and carbon dioxide in order to form and stabilize the light 

beam, and also oxygen and nitrogen in liquid state to perform the cut.  
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Bending- Located in Metal 5, roughly 600 metres away from Metal 3, the bending process 

allows bending a part in order to modify its shape, resulting in a part with one or more edges. 

The process consists in applying high pressure on the region to be bended, through a machine 

called bending press, which uses a punch and a die. The company has four bending presses: 

PrimaPower, TruBend 5130 (machine analysed), Guimadira and Adira QH-6020.The bending 

process begins with the programming of each part, where the programmer defines the 

machine’s parameters, which is the best machine to complete the order and also defining which 

punch and die should be used in the operation. The operator only holds the part so the machine 

can do the bending.  

During this process no gases are consumed, only energy and compressed air are utilised.  

 

Welding (GMAW - Gas Metal Arc Welding) – In this workstation the operator welds different 

parts to form a sub-set. This process includes two machines for the product under study. The 

welding is MAG type (Metal Active Gas) and, therefore, the electrodes consumption exists, also 

known as consumable wire. The consumable gas (protection gas) used is a mixture of carbon 

dioxide and argon that, as its name suggests, has a main target of protecting the fusing puddle, 

avoiding contamination. Currently, in order to comply with all the orders from clients the 

company has to hire external services for this process. 

Besides the above mentioned, there is also the energy consumption by the machines. 

 

Shot Blast – Consists in applying little metal grains (steel) through a compressed air jet at high 

speed and against the product, in order to prepare the parts’ surfaces for the next process, the 

painting, and also to remove oxidation and dirt. These metallic grains are constantly reused 

through a pneumatic system inside the cabinet.  

In this process, there is the steel grains consumption, compressed air and also the use of 

electric power to run the machine. 

 

Liquid Painting- Located in Metal 1, almost 500 metres away from Metal 5. As the parts reach 

the process, a worker will prepare and paint manually. Afterwards, these components are 

placed inside a gas oven to dry and boost the paint’s quality, during approximately one and a 

half hour. 

Besides the ink, there is the consumption of compressed air, gas for the oven and also electric 

power by the electric engines installed in the oven, to ventilate the room.  

 

Assembly- This is a manual process that is divided in two assemblies: Body and Cover. The 

first assembly line, the body, is divided in 3 sectors: main structure, silo and electronic 

component. When the body is assembled, it is carried over to the SKI 2 warehouse. The second 

assembly line allows the final assembling, connecting the body to the cover, which is the so-

called pellet stove. After the packaging, it proceeds to the expedition warehouse, where remains 

stored and arranged until the dispatch for the Belgian client.  
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During this process, the consumables are the cardboard packaging and wood pallets.  

 

 

Figure 12 - The Assembly Line 

 

Consequently, some activities on the production system have no value added. These activities 

are very important and fundamental for a good functioning of the production flow, because they 

are critical to meet the client’s needs, though they could be more methodical and minimized in a 

more efficient and economic manner.  

 
The activities with no added value are described below: 
 
 
Kits- An auxiliary operation in the production flow, totally manual, where the operator prepares 

and organizes the sets of parts, particularly for the welding, painting and assembling processes. 

In this workstation, the operators request the parts that are needed to form a set of parts. 

  

In this process, the operator has to return the overproduced quantities and also verify which 

parts are out of stock in the W1 warehouse, identify those  needed to form the kit and the ones 

necessary for upcoming processes. This workstation not only prepares the kits but also 

manages and controls batches of parts’ quality. 

 

Setups- This is the period when production is disrupted so the machinery can be adjusted. The 

setup time is directly related to the variations of produced goods and to the business planning.  

In the company’s production system, batch production, stopping to adjust details is something 

frequent thanks to the need to produce a wide range of products. Consequently, time 

management and control are fundamental to assure quality productivity. To find the perfect sync 

between production planning and demand variation is mandatory, so the batches have the 

biggest size possible, reducing the stoppages during this process.  

 

Storages- There are five specific areas intended for storage, the materials warehouse, located 

near Metal 3, the semi-finished and finished parts warehouse (W1), the covers warehouse (SKI 

1), the bodies warehouse (SKI 2), and also the heating devices expedition warehouse (Metal 5). 
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Transports- The batches of parts’ movements along a production flow are crucial. This 

company has one truck and one van that transport materials between Metal 1, Metal 3 and 

Metal 5. There are also electric stackers and manual stackers at their disposal.  

 

Waiting Times- All processes have the batch entry and exit area. The waiting time considered 

here can be all the time waited in those areas, as well as waiting timings within the process 

(from the moment that the first part is introduced until the batch’s conclusion). 

 
 
There is a need to refer that the research and analysis of storage area, transportation and 

waiting times within the entry and exit areas will not be considered in this thesis. The main goal 

is to evaluate the manufacturing processes, therefore, from all those encompassed within the 

added value activities, the ones that are going to be analysed are the setup procedures and the 

waiting times inside processes.  
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5. Production System Analysis  
 

The manufacturing system diagnosis is presented in this chapter and it evaluates all the 

activities involved in each process. The diagnosis consisted in several phases, the first one, the 

current state of the production system, was analysed using the VSM (a LEAN tool) – the current 

VSM. In the first phase, the current state of the Value Stream Mapping, a LEAN tool, was 

designed. The aim is to identify waste, as well as its sources and thereupon identify the so-

called root causes and consequently, structuring the improvement actions. 

The second phase had the objective of making a more complete and detailed diagnosis: the 

production system analysis was made with the MSM methodology.   

Particularly, throughout this work, after identifying the MSM limitations, these will be presented 

and discussed, so that, in a next step, new viable alternatives are created for evolving the 

methodology.  

 

5.1 Diagnosis based on VSM 
 

After this, a brainstorming was conducted with MCG production engineers. The chosen part to 

be followed at the shop floor was a furnace’s component, as shown in Figure 13. The part was 

selected bearing in mind that it passes through almost every manufacturing process, and for 

this reason, a wider vision on the production system can be exploited.  

 

Figure 13 - The selected part (furnace component) 

 

The pellet stove’s part was followed since the moment a steel plate left the materials warehouse 

until it reached the expedition warehouse, representing the VSM’s current state, which can be 

consulted in the appendix I. 
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In fact, the graphical representation of VSM current state is very extensive. Thus, only the most 

important VSM results for this work are presented in table form for each manufacturing process 

and later analysed. 

 

Before starting the detailed analysis of these processes, some concepts that were applied 

during this work are firstly defined and described. The first concept is the Total Lead Time 

(Equation 6). 

 

𝑇𝑜𝑡𝑎𝑙 𝐿𝑒𝑎𝑑 𝑇𝑖𝑚𝑒 = 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐿𝑒𝑎𝑑 𝑇𝑖𝑚𝑒 + 𝑂𝑡ℎ𝑒𝑟 𝐿𝑒𝑎𝑑 𝑇𝑖𝑚𝑒  (6) 

 

Where: 

 

Production Lead Time – Time occurred between the beginning of production and the end of its 

manufacturing process in order to be delivered to the client; 

Other Lead Time – Time during which a material sits in the warehouse and the time in stock in 

the expedition warehouse until being shipped; 

Total Lead Time – Resulting from the sum of the two-time parcels previously defined.  

 

In a broader perspective, by analysing the table represented below (Table 1), one can see this 

product is on production stage only 62% of the total lead time. By contrast, the material remains 

a considerable amount of time in the raw-material warehouse while the final product is 

concluded. In a similar manner, it remains in the expedition warehouse for some days before 

being shipped to the client, a considerable share that represents 38% of the total lead time.  

 

Although the time spent at the warehouse represents a considerable percentage, the short-term 

objective will be to minimize the production lead time, which is only possible through the 

adoption new methods and strategies when planning production, with the focus on continuous 

improvement and gradual change of mentalities. 

 

Table 1 - Analysis in a macro perspective 

Total Lead Time 
[days]  

Production Lead Time 
[days] 

Other Lead Time 
[days] 

102 63 39 

100% 62% 38% 

 

Then, in order to scrutinize the processes to better understand what AV operations time is, the 

fraction of the production lead time is decomposed. 

 

Nevertheless, as expected, not all of this time is processing time, in other words, time with 

added value. Thus, it’s necessary to define the Production Lead Time (Equation 7). 
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𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝐿𝑒𝑎𝑑 𝑇𝑖𝑚𝑒 = 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 + 𝐼𝑛𝑣𝑒𝑛𝑡𝑜𝑟𝑦 𝑇𝑖𝑚𝑒 + 𝑊𝑎𝑖𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 +

𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑇𝑖𝑚𝑒 (7) 

 

 

Where: 

 

Process Total Time – Time a product stays in the manufacturing processes while being or not 

processed by the operator/machine; 

Inventory Time – Time a product stays in inventory; 

Waiting Time – Time a product remains specifically in the entry or exit area of each 

manufacturing process;  

Transport Time – Time spent moving the product from process to process. 

 

In Table 2 the time and corresponding percentage of each production stage can be queried. 

Through this analysis of the components production lead time, (Table 2) it is observed that only 

2.95% of this time refers to product manufacturing processes. However, it should be noted that 

this content isn’t only composed by added value activities, there are also non-added value ones.  

This means that, although the part is in the process, it isn’t certain that it is being processed. As 

it will be explained in further detail, the total process time is also segmented into waiting time 

(NAV), setup time (NAV) and processing time (AV). 

 

Table 2 shows the time of each production stage and the respective percentage in relation to 

the production lead time. As it can be seen, the percentages that mostly stand out are the high 

quantity of inventories and the waiting time before and after the processes. These inefficiencies 

occurred due to the fact that parts remain too much time either in stock, the warehouse or in 

areas of inbound and outbound of processes.  

  

Nowadays, the philosophy of the company isn’t producing for order (Make-To-Order) but 

producing for stock (Make-To-Stock). The flow of the product should be as continuous as 

possible, however in this case study, the production is in batch of parts, that is to say, not 

following the concept of one-piece-flow. The larger the batch is, the longer each unit has to wait 

for the rest of the batch to be completed, before it can proceed to the next process. 

 

The process time, which must be the highest in the production system, only represents 2.95%, 

which can be considered an insignificant parcel compared to the rest. 
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Table 2 - Decomposition of the production lead time 

Production  
Lead Time 

 
Process Total 

 Time 

Inventory 
Time 

Waiting  
Time  

Transport  
Time 

[h] [h] [h] [h] [h] 

1513.4 44.7 1208 260 0.7 

[%] [%] [%] [%] [%] 

100 2.95 79.82 17.18 0.05 

 

Then, the fraction of total process time is decomposed for a better interpretation of the results. 
 

During the VSM’s elaboration, some variables related to the manufacturing processes were 

registered and quantified: total time spent in the process, measured in hours and percentage of 

total time [h%], waiting time [h%], cycle time [h%], setup time [h%], waiting time on production 

[h%], part’s added value time [h%], and lastly, process’ added value time [h%] (Table 3).  

 

However, in some cases, some variables that are considered more specific in the processes 

were also registered and quantified, i.e. the percentage of steel plate material waste (nesting 

waste) for laser cutting, and the percentage of damaged parts for bending.  

 

Table 3 - Example of a VSM Table 

Process X 

Machine: TruLaser 3040                                             

Number of Workers: 1 

Nº Shifts 3 - 

Total Time [h%] 00:46:59 100 

Waiting Time [h%] 00:08:33 18.18 

Cycle Time [h%] 00:01:44 3.69 

Setup Time [h%] 00:03:52 8.23 

Waiting Production 

Time [h%] 00:32:50 69.90 

VAT Part [h%] 00:01:44 3.69 

VAT Process [h%] 00:34:34 73.59 

 

 

With this in mind, the focus consists in maximizing the portion of the process time with the 

purpose of identifying which are the value-added activities and activities with non-added value. 

It should be noted that there are tasks with non-added value which are necessary to the 

process.  

 

Next, the concepts that comprise the Total Process Time are explained. 
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Where: 

 

Cycle Time – Time needed to produce a part, in other words, the time occurred from the start to 

the end of a particular operation. It can include added or not non-added value activities, 

depending on the  process under analysis; 

Waiting Production Time – Processing time of the remaining parts of a batch, in other words, 

processing time occurred since the production of the first part until the conclusion of the last part 

of the batch; 

Waiting Time – Waiting time in the process, time with non-added value; 

Setup Time – Time switching tool and/or adjusting the machine’s parameters; 

Process Total Time – Batch’s standing time on each process; 

𝐀𝐝𝐝𝐞𝐝 𝐕𝐚𝐥𝐮𝐞 𝐓𝐢𝐦𝐞 𝑷𝒂𝒓𝒕 – Time that adds value to the part;  

𝐀𝐝𝐝𝐞𝐝 𝐕𝐚𝐥𝐮𝐞 𝐓𝐢𝐦𝐞  𝑷𝒓𝒐𝒄𝒆𝒔𝒔  – Time that adds value to the process (it results from the sum of the 
cycle time with the waiting production time). 
 

 

Where, the “Process Total Time” can be calculated through two different Equations (8) and (9):  

 

Process 𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 = 𝐶𝑦𝑐𝑙𝑒 𝑇𝑖𝑚𝑒 + 𝑊𝑎𝑖𝑡𝑖𝑛𝑔 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑇𝑖𝑚𝑒 + 𝑊𝑎𝑖𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 +  𝑆𝑒𝑡𝑢𝑝 𝑇𝑖𝑚𝑒                                                                                                                         

(8) 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒 =  𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒  𝑇𝑖𝑚𝑒  𝑷𝒓𝒐𝒄𝒆𝒔𝒔 + 𝑊𝑎𝑖𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 + 𝑆𝑒𝑡𝑢𝑝 𝑇𝑖𝑚𝑒            

(9) 

 

The summary table (Table 4) represents the values of the previously defined variables, for all 

the processes studied.  

 

In general, it is possible to conclude that there are numerous inefficiencies in the processes, of 

which the high waiting time and high setup time stand out.  

Thus, at an early stage, there is the need to know why this happens continuously and at what 

process phase these inefficiencies occur.  

 

From Table 4, through the collected VSM results, all variables previously defined and quantified 

for the analysed processes can be inspected. 

 

Starting with the Laser Cutting: the main contributor to the increase of waste is the waiting time, 

is about 15.2%. This value can be explained by the simple fact that operators are often absent 

from their workspace, occupied with tasks that do not add any value to the process. 
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Regarding the setup time, it represents 11.2%, a value that is considered high which means the 

setup tasks are not standardized. 

It should be noted that 6 setups in this process were observed throughout the internship in the 

company. Of which, all were highly variable as far as time is concerned yet, at the same time, 

also very similar as far as tasks are concerned. This enhances the lack of a valuable and 

stringent setup procedure and sufficient compliance of them. 

 

Regarding the Bending process, setup time is another reason for an origin of waste (around 

51.4%). As it is ahead analyzed, one of the reasons that most contributes to this high value is 

the lack of a rigid and standardized setup procedure, as well as the distance traveled by the 

operator during this activity. The waiting time in this process is also a source of waste, about 

31.6%, though what most contributes is the absence of the operator on his workspace, 

revealing some lack of commitment and motivation.  

 

Concerning the Welding: the setup time represents 50.6% of the total share. The welders do not 

follow a setup procedure, revealing some lack of coordination in the preparation tasks of parts 

that make up the final product. Regarding the waiting time (38.5%) the operator is absent from 

his workspace, demonstrating some lack of motivation.  

 

With regards to the Shot Blast, the setup represents 24.1%, which is also quite high. As regards 

this process, the transport during setup is the most significant cause for the results observed. 

Concerning the waiting time in this process, it is considered derisory in comparison with the 

others. 

 

In relation to the Liquid Painting, the main contributor to waste is the waiting time (88.3%) where 

the parts remain on hold for a long time before going to the oven.  

 

Table 4 - Summary of the production line in a micro perspective way 

Unit Process Laser Cutting Bending Welding Shot Blast Liquid Painting 

- [min] [%] [min] [%] [min] [%] [min] [%] [min] [%] 

Cycle 
Time 

1.7 3.7 0.6 2.2 18.2 3.1 4.3 6.5 117.1 6.9 

Waiting 
Production 

Time 
32.8 70.0 10.7 37.4 163.8 27.7 39.8 59.3 47.3 2.8 

Waiting 
Time 

7.1 15.2 9.0 31.6 228.1 38.5 6.3 9.3 1498.5 88.3 

Setup 
Time 

5.3 11.2 14.7 51.4 299.6 50.6 16.7 24.9 55.3 3.3 

Total 
Time 

47.0 100 28.6 100 592.5 100 67.1 100 1696.3 100 

AVT 
Part 

1.7 3.7 0.4 1.2 6.4 1.1 4.3 6.5 115.3 6.8 

AVT Process 34.6 73.6 4.9 17.9 64.8 10.9 44.1 65.8 142.5 8.4 
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To conclude, concerning the two last processes, the two assembly stages, there is no setup 

time in contrast to the other processes previously analysed.  

Through Table 5 analysis one can observe that there are significant waiting times. This situation 

will be approached in more detail further along.  

 

However, it should be noted that for both assemblies, the waiting time represents a fairly high 

value. In these two manual processes, what most contributes for a high waiting time value is the 

absence of the operators at their workspaces as well as the waiting time for the preparation of 

the needed parts to assembly the final product. 

 

 
Table 5 - The two assembly stages, both 100% manuals 

Unit Process Body Assembly Cover Assembly 

- [min] [%] [min] [%] 

Cycle Time 53.6 64.4 50.1 30.4 

Waiting Time 29.7 35.6 114.9 69.7 

Movements  3.9 4.7 10.6 6.5 

Total Time 83.3 100 164.9 100 

AVT Process 49.8 59.7 39.4 23.9 

 

 

In the next Figure (Figure 14), the percentages of setup time and waiting time are compared 

with the total time in the process. It should be noted that waiting times within processes occupy 

the largest portion of non-added value time. 

 

 

Figure 14 - High percentages of setup time and waiting time compared to total time 
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In order to identify waste, the various setup tasks along with the waiting times in each process 

are decomposed and analysed. Each process is inspected in detail.  

 

The following tables show setup and waiting times results which are a consequence of 

scrutinizing the VSM results. 

 

Starting a process by process analysis, Table 6 was built. By analysing it, it can be verified that 

setup time and waiting time have a big weight regarding the total time in the process and thus, 

they must be taken into consideration. 

 

The principal reason for the setup time value is the alignment between the nozzle and laser. A 

setup procedure exists in this process, however this action does not embrace all the tasks 

needed, in fact this procedure is outdated.  

 

The waiting time in the process, which has no-added value, represents a significant value that 

requires deeper analysis. It happens when the machine is standing-by and not producing. In 

case of the part followed when doing the VSM’s construction, the main reason for this high 

value was the operator’s absence from his work place to perform other tasks. 

 

Table 6 - Laser cutting process data analysis 

LASER CUTTING 

Setup 
[11.2%] 

New Sheet Metal Table Change 
Align Nozzle with 

Laser 
Set Machine 
Parameters 

14.3% 1.8% 26.8% 10.7% 

Quality Control 
Machine 

Maintenance 
Transport of Parts 

Printing Tags and 
Others 

2.5% 11.9% 15.1% 16.9% 

Waiting Time 
[15.2%] 

 Operator Away Lack of Raw Material 

78.8% 21.2% 

 

 

Aiming to understand which causes the TruLaser 5040 to stop, a research was made during 15 

days. All data was accounted through visual observation.  

 

As it can be observed from analysing Figure 15, the three main causes for the machines to stop 

working are the collision between machine’s head and material plate, the operator away, and 

the printing tags. 
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Figure 15 - Chart of the main causes of waiting time in the laser cutting process 

 

After observing the Table 7 below, one can conclude that during this 15–day analysis, 

approximately 1000 kg’s corresponds to waste, in other words, 22% of plate material is wasted 

on a daily basis. This extremely high value proves there is a huge negative economic impact 

here. Another factor to be considered is the average cutting time per day, which accounts 

almost 13 hours in 20 hours of work.  

 

This means that this machine is cutting plate for only 65% of its working time. Again, this value 

is the result of too variable and little efficient setup times, as well as the already mentioned high 

waiting times. 

 

Table 7 - Additional information about laser cutting 

Raw Material  
[Kg/day] 

Waste  
[Kg/day]              [%/day] 

Real Cutting time  
[h/day] 

Possible Cutting Time  
[h/day] 

4407 955 22 13 20 

 

During this stage of characterization and diagnosis, some meetings and presentations were 

taken with MCG’s elements, Plant Manager and R&D Director, and some MAESTRI project’s 

elements, in order to discuss the preliminary results and redefine acting strategies.  

 

On Table 8, the main critical aspects that were diagnosed during the laser cutting are 

represented along with its causes and possible solutions.  

 

Some of the presented solutions are examined in more detail and described on the next 

chapter. 

9%12%

29%

7% 11%
3%

8%

2%

19%

29%

Lack of Raw Material

Printing Tags

Collision

Adjustements

Waste Material in the Containers

Problems in the Cutting Gas

Lack of Boxes

Change of Combs

Operator Way
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Table 8 - Critical aspects diagnosed, main causes and practical solutions of laser cutting 

Critical Aspects Diagnosed Causes Possible Solutions 

Poor organization of raw material plates 
and too many kilograms of raw material 

wasted 

Poorly organization 
and lack of concern 

by the company 

Reorganising the space dedicated to raw 
materials and reduce waste through new design 

strategies 

The operator travels a too long distance in 
the setup procedure (PC, scrap batches, 

etc.) 

Process’ layout 
wrongly defined 

Design a new layout 

External tasks performed as internal in the 
setup operation and performing different 

tasks on similar setups 

The inexistence of a 
stringent procedure 

Elaboration a new setup procedure with the 
SMED’s implementation (consolidate it with a 

Kaizen Event) and the implementation of a stop 
light system 

The machine is stopped too often 

Some parts tilt, the 
machine stops and 

since the operator is 
away from his 

workplace, the repair 
takes longer 

Horn system 
Micro-joint solution 

To reduce spacing between consecutive tooth  

 

Related to the bending process, the added value time of this process is a very low value. The 

non-added value timings are represented on Table 9. As it can be seen, the waiting times 

represent a significant value that requires analysis. 

The biggest cause of this high percentage is the absence of an operator at his workplace.  

The setup procedure represents more than half of the total time, therefore one of the next tasks 

will be to create a standard procedure for this process, bearing in mind that every procedure 

has the operation order for each tool change, which is currently set by the operator. 

Some identified operations can be optimized and performed only by the team leader, which will 

free the operator and allow him to focus on the machine. The transportations and identifications 

of both tools, punch and die, represents the most fraction.  

Also, there is a considerable amount of time on parts’ transportation during production, a value 

that needs to be minimized. 

Table 9 - Bending process data analysis 

BENDING 

Setup 
[51.4%] 

Disassemble the Tools Carrying the Tools 
Identify and 
Carrying the 
New Tools 

Assemble the New 
Tools 

8.3% 12.4% 13.2% 11.6% 

Set Machine Parameters Quality Control 
Transport of 
parts during 
production 

Printing Tags and 
Others 

9.4% 4.6% 24.4% 16% 

Waiting Time 
[31.6%] 

Waiting for Parts Operator Away 

16.2% 83.8% 
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On Table 10 are represented the main critical aspects that were diagnosed during the Bending 

process, its causes and possible solutions. 

 

 
Table 10 - Critical aspects diagnosed, main causes and practical solutions for the bending process 

Critical Aspects Diagnosed Causes Possible Solutions 

Missing easels and barriers between 
machines and 

unclear and/or ambiguous technical 
drawings 

Lack of organisation 

and lack of effort by the 

product engineers 

Buying easels and a workbench with all 
manufacturing orders and technical 

drawings for each machine and to prepare 
the drawing in greater detail and 

extension, reducing the time needed to 
comprehend and interpret them 

 

External tasks performed as internal in the 
setup operation and performing different 

tasks on similar setups/ Non-declaring NOK 
parts 

Lack of effort by the 
operators and the 

inexistence of a stringent 
procedure and  

inexistence of a software 
that can make this 

registration 

Elaboration of a setup procedure and to 
implement a software that allows to 
communicate directly with the laser 

process, so the failed parts are quickly 
replaced on the production flow 

The machine is stopped too often 
Lack of motivation by the 

machine’s operator 
Horn system, when the machine stops for 

more than 10 minutes a horn sounds 

Transporting tools and parts during 
production is taking too long 

Lack of a transporting 
system that connects the 

machine/tools and the 
box/tool cabinet 

Dynamic load carrier and team-leader with 
new responsibilities 

 

 

In the welding process, only a very small percentage of the total time is considered to be added 

value time. The setup time takes a considerable percentage mainly caused by the preparation 

and junction of parts to form the welding.  

 

As it can be observed in the Table 11, the waiting time when the operator is missing from his 

workplace represents a significant value. Briefly, the welding is a process with low productivity 

and there is a huge lack of motivation and commitment by the welders. 

 

Table 11 - Welding process data analysis 

WELDING  

Setup  
[50.6%] 

Bringing and Prepare the 
Drawings and Sheets  

Prepare and Assemble the 
Product 

Transports the Parts 
During Production 

16.2% 43.8% 40.1% 

Waiting Time 
[38.5%] 

Operator Away 

100% 

 

On Table 12 are represented the main critical aspects that were diagnosed during the Welding 

process, its causes and possible solutions.  
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Table 12 - Critical aspects diagnosed, main causes and practical solutions for the Welding process 

Critical Aspects Diagnosed Causes Possible Solutions 

There is no support for manufacturing 
drawings and orders in each workbench 

Lack of organisation 
To implement holders for 

manufacturing drawings and orders 
in each workbench 

Too much time assembling the parts Lack of pre-assembly templates 
Using a mounting template to faster 

the assembly  

Excessive disorganization in each work 
area 

Lack of organisation and 
commitment by the operator 

To define IN and OUT specific 
areas for each workbench 

Excessive batches of parts in the entry 
area (IN) 

Lack of organisation 
Card or flag system in order to 

establish priorities (green, yellow or 
red) 

 

In the shot blast process the setup time is truly significant and deserves a deeper analysis. The 

transports are the biggest cause of this inefficiency, which represent approximately half of the 

setup time. 

 

Related to the waiting time, the percentage is low compared to the remain processes, its 

biggest cause is, once again, the absence of an operator at his workplace. In this process, the 

operator shows some tiredness and saturation with his monotonous work. 

 
 

Table 13 - Shot Blast process data analysis 

SHOT BLAST 

Setup 
[24.9%] 

Wear the Equipment Movements (Turn the Furnaces) Transports 

15.4% 33.3% 51.3% 

Waiting Time 
[9.3%] 

Operator Away Remove Metal Grains Left Overs 

68.1% 31.9% 

 

On Table 14 are represented the main critical aspects that were diagnosed during the Shot 

Blast process, its causes and possible solutions.  

 

Table 14 - Critical aspects diagnosed, main causes and practical solutions Shot Blast process 

Critical Aspects Diagnosed Causes Possible Solutions 

Metal grains leak at the cabinet Poorly designed cabinet 
Setting a plate in order to stop the 

leakage 

External tasks performed as internal in the 
setup operation 

Lack of commitment by the 
operators 

Elaboration of a setup procedure 

Transportations during the setup 
procedure are taking too long 

Broken table Removable table, if possible two  

 

The liquid painting is the manufacturing process under studied with a lower added value in the 

entire flow.  
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In this case, the setup procedure is simple and not significant. However, what represents the 

larger share are the waiting times, more precisely, the operator’s absence from his workplace.  

These inefficiencies are frequent thanks to the fact that this is a process that allows the 

operator’s turnover, as a consequence, high waiting times and lack of productivity are quite 

present on the process.  

 

Table 15 - Liquid Painting process data analysis 

LIQUID PAINTING 

Setup 
[3.3%] 

Wear the Equipment 
Movements (Turn the 

Furnace) 
Ink Loading Transports 

Printing 
Tags 

0.7% 7.1% 5.3% 57.6% 29.3% 

Waiting Time 
[88.3%] 

Working in Another 
Model 

Operator Away Waiting for oven 

1.8% 73.6% 24.6% 

 

On Table 16 are represented the main critical aspects that were diagnosed during the Liquid 

Painting process, its causes and possible solutions.  

 
Table 16 - Critical aspects diagnosed, main causes and practical solutions for the Liquid Painting process 

Critical Aspects Diagnosed Causes Possible Solutions 

Huge waiting times Inefficient planning and operator 
turnover 

To improve the production planning 

Performing different tasks on similar 
setups 

The inexistence of a stringent 
procedure 

Elaboration of a setup procedure 

Countless ink refills 
The ink deposit is too small (1 litre 

capacity) 
Direct connection to the ink deposit 

Preventive maintenances are slightly 
stringent 

(Ventilation etc.) 
Lack of concern by the company 

To alert and raise awareness that 
all preventive maintenances are 

important 

 

 

Finally, and the last workstation, the assembly lines. In this workstation, there is no setup 

procedure like in other processes but there is also non-added value time in the trajectories 

made by the operator, mainly in displacements to reach a tool or a part. The waiting time takes 

a high value and the main reason once again, is the absence of an operator from his workplace.  

 

Table 17 - Body Assembly process data analysis 

BODY ASSEMBLY 

Waiting Time 
[35.6%] 

Operator Away 

100% 

Others 
[4.7%] 

Movement for Component Movement for Tool 

84.3% 15.7% 
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Related to cover assembly, the waiting time is more significant. The main causes for this high 

value are the fact that the operator is away from his workplace and the lack of parts in order to 

assemble the cover structure which puts the stove on waiting time. 

 

Another important fact is the itinerary made by the operator in order to reach tools and parts 

needed to make the assembly, these movements should be minimized. 

 

Table 18 - Cover Assembly process data analysis 

COVER ASSEMBLY 

Waiting Time 
[69.7%] 

Working in 
Another 
Product 

Waiting for Necessary 
Components 

Waiting for 
Packaging 

Operator Away 

6.2% 20.9% 16.4% 56.5% 

Others 
[6.5%] 

Movement for Component Movement for Tool 

72.3% 27.8% 

 
 
On Table 19 are represented the main critical aspects that were diagnosed during the Body 

Assembly and Cover assembly processes, their causes and possible solutions.  

 

Table 19 - Critical aspects diagnosed, main causes and practical solutions for Body Assembly process and Cover 
Assembly process 

Critical Aspects Diagnosed Causes Possible Solutions 

Inexistence of an individual kit where you 
can find what is needed on daily jobs (tools, 

etc.) 
Lack of concern by the company 

 
“Tool Kit” equipped with everything 
that is needed for each operator – 

To wear a tool belt 

Some disorganisation in the workplace 
Lack of commitment by the team 

leader 
To define the layout more rigorously 

and with more precision 

 

 
The following Figure 16 summarizes the common causes to all processes that contribute to 

waste as well as the specific causes of each manufacturing process. 

 



 44 

 
 

Figure 16 - Resume of the causes 

 

In conclusion, the VSM is a useful tool and of easy application in order to distinguish and 

quantify the added value activities and the non-added value activities. Although the VSM is a 

powerful tool and crucial to analyse the current state of a production system, there is no 

information about the environmental and economic performance.  

 

The MSM methodology will be next applied to the same production system, starting by 

presenting the selected KPIs. The MSM’s application allows a wider and more precise 

evaluation as well as an assessment of high environmental and economic concern. 

 

5.2. Diagnosis based on MSM 
 
Using some data previously collected, the next step will be the development of MSM, an action 

that will require the collection of more data, later listed. 

 

In order to properly identify the variables and KPIs that better describe each one of the 

previously identified and analysed processes, it is fundamental to understand in detail the group 

of tasks performed by the operators in each process, as well as the inputs and outputs of each 

manufacturing stage. The knowledge on existing processes was gained by following the 

operators on their daily tasks, during the VSM’s elaboration, as mentioned on chapter 3. This 

know-how was complemented with some technical details given by the company’s engineers. 
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5.2.1. KPIs 

 
Following the stages described on chapter 2 for the MSM methodology, the first phase is the 

identification of the system’s limits, the process to analyse and the relevant KPIs. The resource 

KPIs are applied on the MSM in order to understand the resource consumption efficiency while 

the operations KPIs aim to assess the operational performance of machines and activities under 

study.  

 

Next, the variables and KPIs chosen to characterize the production system, according to the 

observation made at the shop floor are presented. It is important to mention that the variables’ 

measurements, after an hypothetic MSM’s implementation on the actual production system, 

should be gathered through a monitoring system that periodically and automatically gathers 

data related to the system’s performance, in order to be later assessed and help the decision-

making process. 

 

5.2.2. Resource KPIs 
 
 

• Processing Time 
 

The processing time variable (10) is the first one utilised on the MSM, corresponding to the 

scorecard’s first line that was previously analysed on the VSM. It informs the user how efficient 

time is used during the manufacturing process. The total time consumed during a process is 

divided in two parcels, added value time, which brings a positive contribution to the product, and 

non-added value time, the waste that does not add value to the product. It is in the best interest 

of the company to minimize the non-added value time as best as possible without damaging the 

final product’s quality. 

 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑇𝑖𝑚𝑒 [%] =  
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑇𝑖𝑚𝑒 

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒
  (10) 

 
 

Measurement method: Through a stopwatch. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 

• Machine Energy Consumption 
 

 
The need to measure Machine Energy Consumption (12) appeared in order to assess the 

energy efficiency level of the production system’s machines.  
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In this case study, there are machines that are constantly working and spend too much time 

waiting and/or in setup, known as the stand-by time. From this, urged the need to know the 

energy consumption on manufacturing components, the added value energy and the wasted 

one, known as non-added value energy.  

In order to measure this variable, a specific equipment provided by MCG was used. 

It was impossible to measure the part chosen for the VSM, since its production was interrupted. 

However, the energy consumption was measured for a part with the same material and 

thickness.  

 

In a machine in which energy, E, is received, over a period of time, T, the average power, Pm, 

received by the machine can be given by Equation 11: 

 

𝑃𝑚 =
∆𝐸

∆𝑡
 (11) 

 

Knowing the cutting time and assuming an average cut power, the energy consumed can be 

calculated, which is an accurate approximation. Thus, for the stand-by machine, an average 

power was also assumed. 

 

 

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [%] =  
𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑃𝑜𝑤𝑒𝑟   𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦
  (12) 

 
 

The energy consumption of all the machines under study was measured through a specific 

device supplied by the company. It is a study that requires a lot of caution and rigor considering 

that they are high power machines and some carelessness could cause serious damages. This 

study lasted approximately 2 weeks. 

 
 

Measurement method: Through an energy measurement machine supplied by MCG. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast and 

Liquid Painting. 

 
 

• Building Energy Consumption 
 
 
 

The interest in measuring Building Energy Consumption (13) showed up in order to assess the 

lamps’ electric consumption efficiency and the building’s consumption in each process. On this 

production system there are several types of lamps, the 38 Watts LED lamps, the 800 Watts 

fluorescent lamps and the 18 Watts barrel LED lamps. In this case, unlike machines, the 

building’s lamps are constantly ON and consuming the same energy and as a result their 

potency never varies.  
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Therefore, what is considered as added value electric energy is the one consumed when the 

machine is producing. So, when the machine is waiting and/or on setup, this is considered to be 

the non-added value energy.  

 
 
 

𝐵𝑢𝑖𝑙𝑑𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [%] =  
𝐵𝑢𝑙𝑏 𝑃𝑜𝑤𝑒𝑟  𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦
  (13) 

 

 

Measurement method: Through measurements and once again, through an energy 

measurement device supplied by MCG. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 

• Consumable Gases  
 

In the production system under study there are some manufacturing processes that need 

consumable gases (14) in order to operate. More specifically, the cutting gases consumption, 

the auxiliary gases in the laser cutting process and also the protection gas consumption in the 

MAG welding process.  

 

 

𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 𝐺𝑎𝑠𝑒𝑠[%] =  
𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒  𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 𝐺𝑎𝑠𝑒𝑠
  (14) 

 
 

The consumption of gases was not measured; therefore, an estimative of consumption was 

made by consulting the machine manuals. 

 

The machine manuals provide a list of the average values of gas consumption and therefore, 

these values were used as reference in this thesis. 

 

Estimation method: Machine’s instructions book. 

KPI applied to the following processes: Laser Cutting and Welding. 

 
 

• Consumption of Compressed Air  
 
In this case study there are manufacturing processes that consume compressed air (15) during 

operation. This is an important indicator for the company once the compressed air is a silent 

resource and not always enables a clear quantification of the real consumption and waste.  

 

𝐶𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑒𝑑 𝐴𝑖𝑟[%] =  
𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒  𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑎𝑏𝑙𝑒 
  (15) 
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The consumption of compressed air was also not measured. Thereby, an estimative of 

consumption was made by consulting the machine manuals. 

 

By the same token, the machine manuals list the consumption of compressed air, however, for 

this particular case only a range of values is available. Thus, an average between the minimum 

and the maximum consumption values was taken as reference. 

  

Estimation method: Machine’s instructions book.  

KPI applied to the following processes: Laser Cutting, Bending, Shot Blast and Liquid 

Painting. 

 

• Consumption of Raw Material  
 

This KPI (16) is only applied in the Laser Cutting taking into account that there is a daily 

significant waste of raw material compared to the other processes. A huge waste occurs in this 

process, approximately 1000kg of raw material per day in the machine analysed, as mentioned 

on the previous sub-chapter. Therefore, it is of extreme importance to monitor and control this 

waste. Once this causes a huge negative economic and environmental impact, the objective will 

be to create a materials data base, where a residue to a company will be a resource to another 

one.  The raw materials consumption was only measured in the laser cutting process.  

 
 
 

𝑅𝑎𝑤 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 [%] =
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑇𝑜𝑡𝑎𝑙 𝑈𝑠𝑒𝑑 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
  (16) 

 
 

 

Measurement method: Query and organization of data on paper. 

Applied to the following process: Laser Cutting. 

 

• Auxiliary Material Consumption 
 
 
The consumables (17) are the type of material that are utilized in the manufacturing processes, 

but do not integrate the final product. These auxiliary tools are necessary on the production 

flow. In the production system under study, the ones that are going to be identified are: welding 

cord consumption, steel grains on the shot blast process, liquid painting, cardboard packaging 

and wood crates in the final assembly. In this work, although there are many other different 

consumables, only the more significant ones were analysed and quantified. The other 

consumables, like lubricants, oils, label papers, would have little expression comparing to other 

variables used in the processes, and thanks to this reason, were not taken into consideration in 

the MSM application. 
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𝐴𝑢𝑥𝑖𝑙𝑖𝑎𝑟𝑦 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 [%] =
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙

𝑇𝑜𝑡𝑎𝑙 𝑈𝑠𝑒𝑑 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙
  (17) 

 
 
 
 
Measurement method: instructions manuals 

Applied to the following processes: Welding, Shot Blast, Liquid Painting and Cover 

Assembly. 

 
 

• Used Machine Area 
 

The interest to measure the Used Machine Area (18) occurred in order to assess the efficiency 

of the area occupied by the table during the laser cutting process. Throughout the data 

gathering phase, the area on the table was always observed as being occupied less than 100% 

and most times not even reaching 50%. In the present case, the area with added value is the 

plate raw material one and the laser cutting table total is 8 m2. 

 
 

𝑈𝑠𝑒𝑑 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴𝑟𝑒𝑎 [%] =
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝐴𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴𝑟𝑒𝑎
  (18) 

 
 

 
 

Measurement method: instructions manuals. 

Applied to the following process: Laser Cutting. 

 

• Used Process Area 
 

 
The measurement of the used process area (19) is an important variable for any production 

system, since this area can limit the production capacity of the company and is associated to a 

significant cost by m2. For this variable, the occupied area was measured by gears, machines, 

workbenches and other auxiliary devices involved in producing the product. This measurement 

is important in order to give the company more knowledge about how the occupied area is 

being used and the area poorly or not used at all, therefore considered as a waste. The ideal 

value according to the company’s experience should be close to 85%, thanks to the operators 

and products’ work area.  

 

 

𝑈𝑠𝑒𝑑 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐴𝑟𝑒𝑎 [%] =
𝐴𝑑𝑑𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝐴𝑟𝑒𝑎

𝑇𝑜𝑡𝑎𝑙 𝑃𝑟𝑜𝑐𝑒𝑠𝑠 𝐴𝑟𝑒𝑎
  (19) 
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Measurement method: Through tape measure. 

Applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 

• Operator Availability 
 

This is a temporal measure (20) that aims to gather information about the operators’ availability 

to perform productive actions that will help to give a positive contribution, that is to say, added 

value activities. Once this is related to the operators involved in the production flow and since 

each process has human intervention, this specific KPI was measured in every process that 

integrates the analysed product’s value flow. The greater the percentage of this indicator, the 

lower amount of time during which the operators stops. 

 
 

𝑂𝑝𝑒𝑟𝑎𝑡𝑜𝑟 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 [%] =  
𝑈𝑠𝑒𝑓𝑢𝑙 𝑂𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑇𝑖𝑚𝑒

𝑇𝑜𝑡𝑎𝑙 𝑇𝑖𝑚𝑒
  (20) 

 
 
 
 

Measurement method: Through a stopwatch. 

Applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 
 
The KPI’s described previously are classified as resource KPIs. Its performance levels 

assessment through the MSM methodology can bring relevant information to the company 

concerning the general performance of the system in relation to the resource consumption 

during the production line analysed.  

 

5.2.3. Operations KPIs 

 
To improve the assessment made in the system it is important to take into account other types 

of variables and KPI’s. The operations KPI’s are used to assess the level of global performance 

by the operations that integrate the production flow. 

 

• OEE - Overall Equipment Effectiveness 
 
In recent years, the OEE indicator (Overall Equipment Effectiveness) (21) that was proposed in 

the TPM methodology (Total Productive Maintenance), has been applied thanks to various 

mass-production manufacturers and has presented significant results. Thanks to the OEE 

indicator, it is possible to verify how much the company is using the available resources during 

production.  
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The great advantage of this indicator is its ability to show the efficiency of the elements that 

compose this indicator (availability, performance and quality), as can be observed in the Figure 

17. 

 
𝑂𝐸𝐸 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 ×  𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 ×  𝑄𝑢𝑎𝑙𝑖𝑡𝑦 (21) 

 

 
 

 
 

Figure 17 - OEE – Overall Equipment Effectiveness 

 
Measurement method: Through the use of a stopwatch and observation. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 

• Machine Availability  
 

Machine Availability (22) shows the activities that stop the production line and directly interfere 

with the machine’s availability. Generally, these activities are related to production stops, 

machine’s setup, lack of materials, etc. Fundamentally the aim is to verify if the machine adds 

value during the entire available time. 

 

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑅𝑢𝑛𝑛𝑖𝑛𝑔 𝑇𝑖𝑚𝑒

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑇𝑖𝑚𝑒
  (22) 

 

 
Measurement method: Through the use of a stopwatch and observation. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 
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• Machine Performance 
 

 
The Machine Performance (23) represents the production speed percentage related to the 

nominal speed, that is to say the actual production’s speed related to the speed the equipment 

produces and was projected to do.  Some factors that directly influence performance are: 

operators’ inefficiency, materials out of specification and lack of experience by the operators. 

This indicator shows whether production is performing as theoretically planned and if the 

machine’s performance is stable, because in case this indicator’s value is too low, that means 

the machine is taking more time than planned to produce the final product.  

 

 

𝑀𝑎𝑐ℎ𝑖𝑛𝑒 𝑃𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 =  
𝑅𝑒𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝑇ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 (23) 

 

The theoretical production is the number of parts that were produced during the "Running 

Time", that is to say, with the machine at nominal speed and without small stops. 

 

The nominal speed data of each machine has been consulted in the respective manuals for the 

Laser Cutting and Bending processes, while the nominal speeds for the remaining processes 

were determined based on the maximum speed reached by the various workers. 

 

The speed at which the machines were working was observed in the control panel of each 

particular device. 

 

Measurement method: Through the use of a stopwatch and observation. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 
 

• Quality 

 
Before the production of a certain material, various product parameters are defined by the 

company. It is expected that all final products have features within the established quality 

standards, guaranteeing the quality of all products. The products that do not meet the expected 

level are considered as a lost or scrap. Quality can be calculated as represented on Equation 

24. 

 

𝑄𝑢𝑎𝑙𝑖𝑡𝑦 =  
𝐺𝑜𝑜𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑠

𝑅𝑒𝑎𝑙 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
  (24) 

 

Measurement method: Through the use of a stopwatch. 
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KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly 

 

• Unpredicted Breaks 
 
 
This indicator (25) aims to quantify the number of machine stops during the total manufacturing 

time of a batch of parts. This indicator shows the stops that occur besides the programmed 

disruption (machine parameters adjustment and/or 1st part of the batch quality control). 

 

 

𝑈𝑛𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝐵𝑟𝑒𝑎𝑘𝑠 =  
𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝐵𝑟𝑒𝑎𝑘𝑠
 (25) 

 
 

It is important to clarify that this KPI, Unpredicted Breaks can be considered to be inserted into 

KPI Availability. However, it gives us another type of information, that is to say, it quantifies how 

many times the machine has stopped in relation to the target value. For each batch of parts the 

target value assumes the value 2, a stop for setup and a stop to analyze the first part. 

 
 
Measurement method: Through the use of a stopwatch. 

KPI applied to the following processes: Laser Cutting, Bending, Welding, Shot Blast, Liquid 

Painting, Body Assembly and Cover Assembly. 

 
To sum up, the KPI’s used in this paper are now grouped and presented in Figure 18, according 

to its category. 

 

 
 

Figure 18 - Summary of KPIs 
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5.2.4.  MSM Scorecards - Efficiency Results 

In order to follow the steps to implement the MSM’s methodology, the next phase is the results 

analysis from the dashboards and consequent identification of the processes and resources 

with lower efficiencies.  

Before starting the analysis, Figure 19 illustrates the typical product flow along the production 

line. The focus of the work will be the process, so, for added value activity MSM 1.0 has been 

applied. 

 

 

Figure 19 - Product Flow Activities 

 

 

5.2.4.1.  MSM 1.0 Scorecards - Added Value Activities 

All data is shown according to the functional unit, in this case it refers to the production of a part 

from the heating device, the furnace, the same part analysed on the diagnosis made through 

the VSM. The MSM’s typical board, the dashboard, shows the efficiency of each consumed 

resources as shown in the Figure 20, called the Time and Resources Efficiency MSM 

Dashboard. It is worth noting that, to simplify the analysis, only the used machine area and the 

used process area KPIs don’t depend directly upon the variable time. They depend on the size 

of the sheet of raw material in relation to the total cutting area and the area occupied by 

machines, workbenches and other areas occupied for other purposes - the layouts are adjusted 

in average on a monthly basis. While for the others mentioned resources shown in 5.2.1, as 

more time is wasted on each activity, more resources are consumed. It is important to 

accurately visualize the evolution of the efficiency of all these KPIs which allows understanding 

the direction that the company is taking, following a logic of continuous improvement. 

 

For the unit process efficiency, applying the method, results from the arithmetic mean of the 

efficiency of the resources consumed in the process. This results in an efficiency value that 

characterizes the processing unit. 
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So, the least efficient processing unit in the consumption of resources is the bending (45%). 

Effectively, in just 17% of the time the bending of parts occurs, that is to say, time with added 

value. However, the most efficient processing unit is the laser cutting (75%), for which the 

colour attributed is yellow. Despite this, it is a process that requires analysis and improvements 

with the goal of increasing its efficiency. Secondly, related to the analysis of resources, the last 

column on the right side of Figure 20 shows that the machine's processing time (36%) is the 

least efficient resource. On the contrary, the consumption of gases has the maximum efficiency 

(100%). 

 

Therefore, by analysing the scorecard (Figure 20), the overall efficiency of the system is 60% 

(as a result of the arithmetic mean of all processing units). 

 

 

Figure 20 - Time and Resources Efficiency MSM Scorecard 

 
 

Hereupon the results of the extended MSM are presented, in Figure 21, where it is possible to 

visualize the portion of the added value (AV) and the portion that does not add value to the 

product (NAV), for each parameter under analysis. It is important to mention that the dashboard 

in Figure 21 only shows the most important results, in order to ease the visualization and 

interpretation of the same.  

 

Through the analysis of the MSM extensive results, shown in Figure 21, it is possible to observe 

the AV and NAV for each resource consumed, thus allowing a detailed analysis of the real 

dimension of the values, unlike the MSM Scorecard that only presents the efficiency result. 
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The MSM allows a more detailed analysis of the production system in relation to the VSM. The 

VSM only allows a temporal analysis of the AV and NAV operations, however, the MSM also 

incorporates this analysis into the Production Timeline. It also quantifies the resources 

consumed during the operations, thus allowing a rigorous environmental and economic impact 

assessment. In addition, for being a diagnostic methodology, it also has the virtue of being used 

as a support for control and monitoring of waste. 

In this case study, with the application of MSM and quantification of KPIs, it is possible to detect 

anomalies that were not diagnosed in the previous analysis. 

 

Regarding the production time, common to VSM, by analysing Figure 21, an overall inspection 

of the production line revealed that the machines involved are not producing at satisfactory 

levels (36%), with Liquid Painting being the more critical process (8%). This means that the 

Liquid Painting equipment is working directly on the product under analysis only 8% of the total 

time spent in the process. Although this process is the least efficient in terms of processing 

time, it does not mean that the others do not merit analysis. On the contrary, they all need 

improvement, and none is marked in green, as it can be seen in the Figure 21. 

 

Then, by analysing Figure 21, the main sources of waste identified with the MSM methodology 

are described. 

 

Concerning the KPI that quantifies the machine energy consumption efficiency, the least 

efficient process is the Bending (45%). As it can be seen, although the processing time has an 

efficiency of 17%, the energy consumption efficiency of the machine is not the same. This is 

because the machines have a different energy consumption while operating and in stand-by. 

One can verify that machines consume a considerable amount of energy while on stand-by, 

whereas lamp consumption by the buildings represents a very small cost comparing to the 

consumption by machines. 

 

Regarding the material consumption, this variable was quantified only for the Laser Cutting 

process, for which  there was a large amount of material wastage on a daily basis. In this case 

study, the efficiency value obtained is around 68% which means that about 33.91 kg of plate 

were wasted, posteriorly being sent to scrap.  

 

As regards the area of the machine used, this was accounted only for the Laser Cutting 

process. The need for this KPI arose from the fact that the area of both tables is not being fully 

utilized, which implies that the entire available area is not being used. The efficiency of the 

occupation of the studied machine is about 56%. While the use of the area in each process, 

namely machines, workbenches and other structures, is about 52% efficient. That is to say, 

almost half of the available area is not being used in each process, it is considered wasteful. 

The least efficient process is the Liquid Painting (32%).  
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These results show that the layout in each process is not adjusted to the needs and should be 

improved to avoid excessive movements, either by the operator or the products.  

 

Through this MSM analysis it was possible to identify the main sources of waste. Later on this 

will be analysed again but from an economic perspective. 

 

 

 

Figure 21 - Time and Resources Efficiency MSM Extended Results 

Units of each process parameter – Attachment V 

 

VA 34,57 4,85 64,17 32,05 142,5 49,75 39,42

NVA 12,42 23,73 527,83 25,07 1553,93 33,52 126,68

VA 31,69 0,84 1,6 6,04 6,62 0 0

NVA 5,59 1,03 0,67 4,72 0 0 0

VA 72,06 0 0 0 0 0 0

NVA 33,91 0 0 0 0 0 0

VA 262,25 224,06 226,5 96 49 45 39

NVA 353,75 95,94 235,5 120 104 0 11

VA 34,57 6,77 64,17 32,05 142,5 49,75 39,42

NVA 12,42 21,81 527,83 25,07 30,6 34 126,68

VA 0 0 1,4 513,17 3,2 8 1,3

NVA 0 0 0 21 0,4 0 0

VA 4,5 0 0 0 0 0 0

NVA 3,5 0 0 0 0 0 0

VA 3,66 0 0,83 0 4,95 0 0

NVA 0 0 0 0 0 0 0

VA 7,4 0,05 0 184,608 5,25 0 0

NVA 0 0 0 7,69 0,66 0 0

VA 0,46 0,29 1,8 0,46 1,5 1,19 1,01

NVA 0,17 1,42 14,78 0,36 16,37 0,8 3,24

74%

83,27 166,1

0 0

320 462 216 153 65 50

0 1,4 534,17

24%

0,83 0 4,95 0 0

0,05 0 192,3

1,71 16,58 0,82 17,87 2 4,25

32% 69% 78%

173,1

- -

616

43% 70% 49% 44%

3,6 8 1,3

46,99

74% 24% 11% 56% 82%

28,58 592

- -

105,97

68% - - - -

0 0 0 0 0 0

57,12

5,91 0 0

0

- - 100% 96% 89% 100% 100%

8

56% - - - -

0 0 0 0

60% 24%

17% 11% 56% 8% 60%

- -

3,66

7,4

100% 100% - 96% 89% - -

0

100% - 100% - 100% - -

24%

P ro ductio n T ime

74%

1

37,28

85% 45% 71% 56% 100%

2,27 10,76 6,62

28,58 592 57,12 1696,43 83,27 166,1

1,87 0 0

Process Stream Analysis

Shot Bla st

1

Liquid Pa inting

1

Body Asse mbly

11

Be nding We lding

1

MSM Extended Results La se r Cutting

46,99

M achine Energy 

C o nsumptio n 

B uilding Energy 

C o nsumptio n

C o nsumable Gases 

Cove r Asse mbly

17%

0,63

C o mpressed A ir 

R aw M aterial  

A uxiliary M aterial 

C o nsumptio n  

Used M achine A rea

Used P ro cess A rea

Wo rker

1

11% 56% 8% 60%



 58 

While the previous dashboard presents the resource efficiency, the following dashboard 

displays the efficiency of the operations, as depicted in Figure 22. This analysis aims to 

supplement the previous one. Once again, the unit process efficiency results from the arithmetic 

mean of the efficiency of all the operations involved in the process. This result is an efficiency 

value that characterizes the processing unit. By contrast, OEE, according to the literature, 

results from the multiplication of the three KPIs. 

 

Therefore, on one hand, the processing unit with the worst operating performance is Welding 

(60%). On the other hand, the processing unit with the best operational performance is the Body 

Assembly (84%). It should also be mentioned that the OEE has a low overall efficiency, about 

49%. 

 

Through the analysis of Figure 22, it is verified that the global operational performance of the 

system is 79%. 

 

It should be mentioned that KPI Unpredicted Breaks is not included in the calculation of the unit 

process efficiency. This is mainly due to the fact that this index is inserted in the KPI Availability. 

However, it is a very important KPI to quantify, taking into account that it allows us to know how 

many times the machine has stopped comparing to the target value. 

 

 

Figure 22 - Operations Efficiency MSM Dashboard 

 
Through a decomposed analysis of the operations scorecard, an extended analysis allows to 

interpret some detailed conclusions related to the operational performance in the production 

line, shown in Figure 23. 

 

With respect to the 1st operational parameter, the operational availability, the Bending process 

is the least efficient (47%). This percentage is mainly caused by high waiting times and non-

standard setups that consume an exaggerated amount of time. 
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Regarding the 2nd operational parameter, the performance, the most critical process is the 

Welding (40%). The factors that most contribute to this low efficiency are the lack of motivation 

and dedication of the operators, as well as their poor experience. For the Laser Cutting process, 

the speed of the machine varies according to the material and its thickness, and it is not 

possible to reach its maximum values without compromising the quality of the product. In the 

Bending process, the speed of machine during the setup can be increased, though this also 

increases the number of required maintenance  operations on the belts and other mechanisms 

that may be damaged. 

 

The 3rd operational parameter is the quality. All analysed processes are within the required 

standards, but the least efficient is Welding (90%). 

 

The last operational parameter is the unpredicted breaks, allowing to know how many times 

the machine is stopped. The most critical processes are Bending (33%) and Welding (18%). In 

the future, with the possibility of accounting for these stops through sensors and other devices, 

the company will be able to account for the operator's work, especially during the night shift, the 

least productive of all three. 

 

 

Figure 23 - Operational Production Efficiency MSM Extended Results 
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According to the MSM’s methodology, the MSM cost scorecard only allows visualizing the value 

spent investing on activities that add value to the product, as well as visualize all the money 

wasted that should be minimized as much as possible without compromising the product’s 

quality.  

 

Within this work, the MSM cost accounting was performed on every manufacturing process 

under analysis, more precisely, a cost break down was made for each resource that was 

consumed during these processes. These costs are directly related to the duration of each 

activity.  

 

Before presenting the values on graphic structure, there was a need to know the cost of each 

equipment and human labour for each processing unit. The cost analysis was based on data 

provided by the MCG company, summarized in the Table 20. However, it should be noted that 

the cost presented on Table 20 is the equipment’s total cost, which includes: machine 

amortization, machine and building energy, consumed gases, compressed air, raw material and 

specific auxiliary materials for each process. In this case study, this total cost was 

disaggregated in order to determine which resources are the greater contributors to waste. 

 

It should be noted that both assemblies, fully manual processes, have a lower workstation cost 

than the remaining processes under study. 

 

Table 20 - Costs according to the processing unit 

Processing Unit Equipment (€/h) Labour (€/h) 

Laser Cutting 60.89 9.19 

Bending 30.85 9.84 

Welding 18.07 10.44 

Shot Blast 7.53 9.86 

Liquid Painting 57.78 9.86 

Body Assembly 1.61 7.61 

Cover Assembly 1.61 7.61 

 

Through the analysis of Table 21, the resource that represents a higher share of non-

aggregated cost is the production time used by a machine, that is to say, the processing time 

used by the machine where the money is wasted while the machine is not being used, which is 

1142.86 €. Conversely, the resource that represents a larger portion of the cost of value added 

is the consumption of auxiliary material, around 585.37 €. 

 

Through this table’s analysis one can conclude that 810.60€ (37% of total) are spent in added 

value activities, while 1355.65€ (63% of total) are spent in non-added value activities, which 

constitutes a significant percentage.  
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Table 21 - Costs Decomposition 

 VA NVA 

Parameters Cost % Cost % 

Processing Time (machine) 122.75 € 15.14% 1 142.86 € 84.30% 

Machine Energy Consumption 2.57 € 0.32% 0.66 € 0.05% 

Building Energy Consumption 0.37 € 0.05% 2.04 € 0.15% 

Consumables Gases 4.82 € 0.60% 0.00 € 0.00% 

Compressed Air 2.06 € 0.25% 0.04 € 0.00% 

Raw Material 29.18 € 3.60% 13.73 € 1.01% 

Auxiliary Material Consumption 585.37 € 72.2% 24.04 € 1.77% 

Used Machine Area 0.02 € 0.00% 0.01 € 0,00% 

Used Process Area 5.89 € 0.73% 45.48 € 3.35% 

Worker Availability 57.56 € 7.10% 126.79 € 9.35% 

Total 810.60 € 100% 1355,65 € 100% 

 

Through the analysis of the Figure 24, one can acknowledge that the process with a higher non-

added value cost is Liquid Painting, valuing 1139,83€. Yet, the process that represents the 

highest added value cost is Shot Blast, around 520,95€. 

 

 

 

Figure 24 - MSM Cost Analysis for Processes 
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A comparison between MSM and VSM is made, presenting MSM strengths and potentialities. In 

the case study, taking into account that the production system is quite complex, the construction 

of the current state VSM was extremely useful to assist in formulating MSM.  

 

It was evident that the VSM is limited to temporal analysis which provides only a static image of 

the value stream. Collection of data has been hampered by the long time of production 

processes and the lack of recording of process and waiting times while a possible 

implementation and development of MSM in shop floor can automatically "load" the dashboards 

and analyze the efficiency of the production system in real time.  

 

The information set in VSM is more confusing and the use of multiple symbols can lead to a 

lack of understanding by people unfamiliar with the tool. In contrast, MSM uses a very simple 

and intuitive dashboard, facilitating the process of understanding and identifying waste.  

 

Some virtues of the MSM in relation to the VSM have been identified: 

 

▪ Display and evaluate all types of waste in a visual and intuitive way;  

▪ Relates operational parameters, such as availability, performance and quality;  

▪ It presents an economic metric for "value", the cost of the resources consumed;  

▪ Considers the use of process area;  

▪ Effectiveness in visual information that can be quickly understood by production 

engineers;  

▪ Besides being a diagnosis methodology, it has the potential to be a tool to control and 

monitor the process;  

▪ Ability to provide layout visualization. 

 

The MSM cost scorecard presents a simple dashboard and an important source for analysis, 

however, it isn’t yet fully developed. In order to support the decision-making process regarding 

the priorities of improvement actions, new dashboards must be developed in two different 

approaches as detailed in the next chapter. 

 

In addition, there is no dashboard of quadrants in which it is possible to relate resource 

efficiency to operational efficiency, thus allowing an overall efficiency. 

 

Beyond the limitations listed, new dashboards will be developed in a process monitoring 

perspective and also in an audit perspective. 

 

A deeper analysis of these limitations will be explored and developed in the next chapter. 
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To conclude, in Table 22 summarises the main critical points diagnosed through MSM, namely 

its efficiency, the possible causes for known limitation and the possible solutions. 

 

As expected, some critical points have already been identified in the previous diagnosis, based 

on the VSM.  

 

Table 22 - Main critical points diagnosed based on MSM 

 
Process 

Critical Aspect 
Diagnosed 

MSM 

Efficiency 
Cause Possible Solutions 

Laser 
Cutting 

Despite the value of 
efficiency, the stand-by 
power consumption of 

the machine is the 
highest of all processes  

85% 
The machine has many 

"silent" stops 
Install a Horn System  

Laser 
Cutting 

Too many kilograms of 
waste raw-material 

68% 
Poor programming and 
lack of concern about 

waste 

Adopt new sheet design 

Laser 
Cutting 

The sheet metal only 
occupies part of the table 

56% 
Area of raw material 

sheet lower comparing 
to table area 

Buy raw material sheets that 
occupy the largest possible 

area of the table 

Laser 
Cutting 

Bad layout, too much 
empty space in the 

process 
43% 

The company has a lot 
of covered area, intends 

to grow 

Minimize distances travelled 
and shorten the layout if 

necessary 

Bending 
Much energy consumed 
by the machine, in stand-

by 
45% 

The machine is not 
producing but it is in 

stand-by 
Reduce downtime 

Bending 
Time that the operator is 
effectively adding value 

24% 
Lack of commitment and 

competitiveness 

Motivate the operator with 
interactive whiteboards where 

they can see their daily 
performance 

Welding 
Time that the operator is 
effectively adding value  

11% 
Lack of commitment and 

competitiveness 

Motivate the operator with 
interactive whiteboards where 

they can see their daily 
performance 

Welding 
Bad layout, too much 
empty space in the 

process 
49% 

The company has a lot 
of covered area, intends 

to grow 

Minimize distances travelled 
and shorten the layout if 

necessary  

Welding 
High energy 

consumption of bulbs  
11% Fluorescent bulbs Install LED bulbs 

Welding 
Time that the operator is 
effectively adding value 

11% 
Lack of commitment and 

competitiveness 

Motivate the operator with 
interactive whiteboards where 

they can see their daily 
performance 

Shot Blast 
Much energy consumed 
by the machine, in stand-

by 
56% 

The machine is not 
producing but it is in 

stand-by 
Reduce Downtime 

Shot Blast 
21kg of Waste steel 

scrap  
96% 

Escape in the cabin and 
not use of all the steel 

shot 
Correct the leak 

Liquid 
Painting 

High energy 
consumption of bulbs 

8% Fluorescent bulbs Install LED bulbs 

Liquid 
Painting 

Bad layout, too much 
empty space in the 

process 
32% 

The company has a lot 
of covered area, intends 

to grow 

Minimize the distances travelled 
(if they occur) 

 

It is noteworthy that according to the Table 22, an efficiency of 96% was selected as a critical 

aspect diagnosed. Despite being considered "green", the 4% share has a fairly large cost. 

Making a joint analysis of efficiency and cost analyses can anticipate this detected anomaly.  
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A further limitation of the MSM methodology was reported, and will be analysed and solved in 

the next chapter. Some of the presented solutions on Table 22 are developed in the last 

chapter. 

 

5.3. MSM Developments  
 
 

In this sub-chapter, the limitations of the MSM methodology were identified and, in order to 

develop the methodology, some improvements are presented.  

 

By being a fairly recent methodology still in development, MSM may have to undergo some 

improvements in order to supress its limitations. The objective is to be useful to every type of 

company and to support the most effectiveness decision-making process. Given its huge 

potential, in this sub-chapter, four complementary analyses are proposed in order to help the 

decision-making process by establishing priorities for future improvements.  

 

Starting with the first proposed improvement. 
 

MSM has the limitation of not having an evolved chart, where it is possible to visualize the 

efficiency of the processes and the efficiency of the operations. In order to create a new chart, 

divided into five quadrants each with their characterization which allows comparing both 

efficiencies, a new analysis is developed. It corresponds to a new framework that allows its 

assessment and the placement in a given matrix of both efficiencies. In a quick and intuitive 

way, it is possible to visualise the most critical process. 

 

In Figure 25 the dashboard that relates both efficiencies is shown, with the X-axis representing 

the operational efficiency and in the Y-axis, the resource efficiency. 

 

Considering the same colours as MSM methodology, the following dashboard is divided into five 

quadrants: 

 

▪ Quadrant I (Yellow Star) – characterizes medium-high processes efficiencies;  

▪ Quadrant II (Orange Star) – characterizes processes of medium-high resources 

efficiency and of low-medium operational efficiency; 

▪ Quadrant III (Red Star) – characterizes low processes and resources efficiencies; 

▪ Quadrant IV (Orange Star) – characterizes processes of low-medium resources 

efficiency and a medium-high operational efficiency; 

▪ Quadrant V (Green Star) – The peak global efficiency. Between 90% and 100%.  
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This framework essentially serves, in an audit perspective, to evaluate the overall efficiency of 

the processes and the green star is the ideal level to aim for (quadrant V).  

In broad terms, by analysing Figure 25, all the processes are all very similar. 

 

The lowest efficient processes are Welding and Bending, located at the limit of quadrants I-IV 

and quadrant IV, respectively.   

While the highest efficient processes are Laser Cutting and Body Assembly, both located in 

quadrant I, designated as yellow star.  

 

When MSM is implemented in shop floor, this might be one of the frameworks that the industrial 

director will analyze, with real-time updating. It will undoubtedly be a very useful tool. 

In this dashboard are not inserted the costs. Later, new dashboards are presented where a 

sensitivity analysis with respect to this parameter is made. 

 

 

 
Figure 25 - Resources Vs Operations chart 

 

The other limitation detected in MSM consists of the following: although the efficiency of 

resource A is greater than that of resource B of process X, this does not mean the priority is to 

act on resource B, that is to say, an increase of 1% in resource A may be more beneficial. 
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Therefore, the second analysis is focused on the process cost scorecard development, a more 

detailed analysis, which allows verifying “where” and “how” the production costs are being 

generated. A new cost dashboard and new ratios are presented: the cost processing unit 

efficiency and the ERC (Effective Resource Cost). 

 

Besides, the MSM’s results are isolated efficiency results of each individual process, where 

efficiencies lower than 40% reveal critic situations within the production system and where the 

deviation between actual value and projected value is very significant. In contrast, through 

interpreting the MSM’s results, the conclusion was that the MSM is assessing efficiency values 

but “masks” the dimension of the cost contribution on each variable.  

A complementary analysis is proposed and contemplates the AV and NAV cost contribution on 

each resource. It allows visualizing a more complete and intuitive interpretation of the results, in 

order to have a better support in the decision-making process in terms of prioritizing 

improvement actions. Therefore, the new analysis considers the “weight” of costs contribution 

on each process. 

 

In order to develop this methodology, a new cost scorecard is suggested, as shown in Figure 

26. A cost breakdown analysis is done for all the processing units’ resources divided in AV and 

NAV.  

 

Besides this new analysis allows to interpret the AV and NAV resources with the highest 

percentage in the process, it also allows us to understand which AV and NAV resources have 

the highest percentage in relation to the total costs of the production system.  

Assuming that the total cost of the production system resources represents 100%, the next step 

is to perform a cost break down analysis of this value for each AV and NAV resource. A new 

concept is proposed, the ERC (Effective Resource Cost), which can be calculated according to 

the following Equation 26: 

 

 

𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑠𝑡 (%) =  
𝐴𝑉 𝑜𝑟 𝑁𝑉𝐴 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒 𝐶𝑜𝑠𝑡

∑ 𝐶𝑜𝑠𝑡𝑠 𝑜𝑓 𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑆𝑦𝑠𝑡𝑒𝑚 
 (26) 

 

Where: 

 

AV or NVA Resource Cost – Individual cost of each resource; 

 Costs of Production System – Total cost of all resources consumed (AV plus NAV). 

 

In addition, the efficiency of the processing unit is calculated. According to the following 

Equation 27: 
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𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑈𝑛𝑖𝑡 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (%) =  
𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑈𝑛𝑖𝑡 𝑇𝑎𝑟𝑔𝑒𝑡 𝐶𝑜𝑠𝑡 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑈𝑛𝑖𝑡 𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡
 (27) 

 

Where: 

 

Processing Unit Target Cost – results from the sum of the process AV resources; 

Processing Unit Total Cost – results from the sum of the process AV and NAV resources. 

 

As it can be observed in Figure 26, by applying it in this case study, the dashboard allows a 

more detailed cost analysis in both AV and NAV activities. Thus, the processing unit with the 

highest cost efficiency is shot blast, whereas the processing unit with the lowest cost efficiency 

is the liquid paint. 

Now, by analysing the cost break down, the most costly AV resource is the steel shot used in 

the shot blast process, while the time of not using the machine in the liquid paint process 

represents the highest cost of NAV. 

 

 

Figure 26 - New MSM Cost scorecard 

 

This new scorecard with the cost break down analysis is very useful in a perspective of analysis 

by the directors of production, knowing in real time the cost that each activity is generating. The 

difficulty will be to quantify in cost all the resources, allowing a quick and effective analysis of 

the shop floor. 
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Concerning the third analysis, MSM also has the limitation of not having a global dashboard that 

allows to visualize resource efficiency, the efficiency of the operations and also the effective 

cost of the process in relation to the total costs. Therefore, a third analysis is proposed focused 

on the process improvement priorization, by introducing the new concept of PUEC (Processing 

Unit Effective Cost). This is calculated according to the following Equation 28: 

 

 

 

𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑈𝑛𝑖𝑡 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒 𝐶𝑜𝑠𝑡[%] =  
𝑇𝑎𝑟𝑔𝑒𝑡 𝑉𝑎𝑙𝑢𝑒 𝑜𝑓 𝑃𝑟𝑜𝑐𝑒𝑠𝑠𝑖𝑛𝑔 𝑈𝑛𝑖𝑡 𝐶𝑜𝑠𝑡

𝑇𝑜𝑡𝑎𝑙 𝐶𝑜𝑠𝑡 𝑜𝑓 𝑅𝑒𝑠𝑜𝑢𝑟𝑐𝑒𝑠 𝐶𝑜𝑛𝑠𝑢𝑚𝑒𝑑
 (28)  

 

Where: 

  

Target Cost Value - Corresponds to the cost of the resource 

Processing Unit Total Cost - Corresponds to the sum of all the process costs (100%) 

 

By contemplating the MCG Company’s strategy, it becomes fundamental to reduce the wasted 

cost in several non-added value activities within the production system. This way, an analysis 

on PUEC (Processing Unit Effective Cost) is made and on the MSM’s respective efficiencies 

through different production processes, as it is presented in Figure 27 and Figure 28. An 

analysis on added value activities was made as well as on non-added value ones. 

 

Each circle represents different processes, with the colours scale from MSM methodology in 

order to illustrate the correspondent efficiency value and the graph’s background showing the 

different zones of the PUEC level (green for a reduced PUEC and red for a high PUEC).  

 

 

A new dashboard will be presented, which relates the efficiency of resources, the efficiency of 

the operations and the effective cost of AV and NAV of the processes. New conclusions are 

taken.  

 

Through these Figures and considering the effective contribution of added value activities and 

non-added value activities total cost, one can easily conclude that the most critical and the ones 

that more contributes for the effective cost are the Shot Blast process in the added value 

activities case and the Liquid Painting for the non-added value activities case. 

 

Essentially this dashboard will be analysed by the company’s top management. 
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Figure 27 - PUEC for added value activities 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 28 - PUEC for non-added value activities 
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Lastly, a fourth analysis is proposed. In order to show the potential benefits of using this 

methodology in the industry, two different dashboards are developed. The first one in a 

perspective of visualization by the operator, his team and the team-leader. The second in a 

perspective of visualization by the top management, more concretely production directors, 

managers etc, in an audit perspective like an overall analysis of the production system. 

 

The need to create the process monitoring dashboard arose from the fact that during the 

internship it was noticed the lack of process data to analyze and interpret, for example, setup 

times, machine downtimes, number of shifts, etc. Moreover, from the point of view of the 

operator, at the end of the working day, analysing their productivity and comparing them with 

the rest of the team arouses enormous motivation and competitiveness among teams. Some 

lack of commitment, motivation and even competitiveness among the teams were identified. 

 

 

The MSM is a very flexible methodology, that is to say, it can be adapted according to the need 

that is intended.  

 

Next, in Figure 29, an example applied in this case to the Laser Cutting process is shown. In a 

first step, the introductory data is presented, followed by the operational performance and finally 

the resource efficiency (according to the MSM methodology). It is possible to visualize the 

efficiency of resources over the last hour of production, in the last three hours of production and 

still according to a team logic.  

 

Through the Kaizen Events, these dashboards can be analyzed and discussed in order to follow 

the logic of continuous improvement, understand the “whys” of the values and act accordingly 

as a team to these detected inefficiencies. 

 

 In conclusion, these dashboards will create a climate of friendly competition between the 

various teams, which will certainly result in increased motivation and perhaps productivity. 

 

The following dashboard is just one example for the laser cutting process. There will always be 

KPIs and more specific variables for each process. 
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Figure 29 - Laser Cutting Monitoring 
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In relation to the second dashboard, in an audit perspective by the top management, it is a great 

asset for the production directors. Analysing and interpreting process data in real time will be a 

big step. With the development of MSM in shop floor, the team-leader will be able to analyze in 

real time the productivity and other KPIs of their interest and of course, to create a friendly 

competitiveness between the different teams of the same or different shift. 

 

Now, the dashboard that will be viewed by the top management is shown in Figure 30. The new 

dashboard includes the original MSM 1.0 features, the original MSM 1.0 operations, and the two 

concepts created: the ERC (%) and the PUEC (%). Through this global analysis, the top 

management can have a macro view of the efficiencies of the production system. It is possible 

to quickly diagnose which process most contributes to the total effective cost (PUEC) and also 

to break the process and to understand which resource is most contributing to the effective cost 

of the resource in relation to the total costs (ERC). Although the efficiency of resource A 

sometimes exceeds the efficiency of resource B, it does not mean that resource A is not the 

priority over the other. In this context, the ERC helps in this decision-making process, in a cost 

reduction perspective. Attached in attachment III is the complete dashboard. 

 

  69%

VA NVA VA NVA VA NVA VA NVA VA NVA VA NVA VA NVA

45% 28% 34% 21% 35% 19% 43% 20% 41% 17% 50% 45% 39% 8% 34%

56,17 € 22,35 € 2,05 € 7,33 € 47,62 € 138,07 € 520,95 € 26,95 € 152,91 € ######## 9,60 € 4,45 € 21,31 € 16,67 €

74% 28% 17% 21% 11% 19% 56% 20% 8% 17% 60% 45% 24% 8% 31%

28% 26% 33% 45% 7% 19% 0% 4% 66% 97% 1% 1% 0% 1%

85% 28% 45% 21% 71% 19% 56% 20% 100% - - - - - 49%

3% 1% 2% 1% 0% 0% 0% 1% 0% - - - - -

68% - - - - - - - - - - - - - 68%

52% 61% - - - - - - - - - - - -

43% - 70% - 49% - 44% - 32% - 69% - 78% - 55%

2% 3% 8% 5% 5% 14% 0% 2% 1% 2% 4% 2% 1% 1%

74% 28% 24% 21% 11% 19% 56% 20% 82% 49% 60% 45% 24% 8% 39%

9% 9% 54% 49% 23% 67% 1% 15% 15% 0% 66% 95% 23% 96%

- - - - 100% - 96% - 89% - 100% - 100% - 97%

- . - - 61% - 99% 78% 16% 0% 29% - 75% -

56% - - - - - - - - - - - - - 56%

0% 0% - - - - - - - - - - - -

100% - - - 100% - - - 100% - - - - - 100%

2% - - - 4% - - - 1% - - - -

100% - 100% - - - 96% - 89% - - - - - 96%

3% - 2% - - - 0% - 0% 0% - - - -

74% 28% 17% 21% 11% 19% 56% 20% 8% 17% 60% 45% 24% 8% 31%
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Figure 30 - Top Management Dashboard 
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6. Actions and LEAN Improvements  
 

Some of the suggested solutions shown in Chapter 5 are herein explained and developed. 

Some of the proposed solutions have been presented at MCG company for further 

implementation and consolidation. The solutions presented cover all the studied processes. The 

company is constantly evolving and, therefore, assuming a logic of continuous improvement, 

MCG is presenting increasingly better results.  

 

At the end of the chapter the new MSM Scorecard is presented, where it will be possible to 

visualize the impact that these actions have on resource efficiency as well as economic level. 

 

It should be noted that during this internship, more emphasis was given to Laser Cutting and 

Bending in what concerns the proposed improvements at the request of MCG engineers. This is 

because both processes are considered the bottlenecks of the production system, being the 

only ones that work in 3 shifts and those that have the greatest need of production. 

 
Starting with the first process, the Laser Cutting: 

 

-As it is possible to visualize in the Figure on the left (Figure 31), the operator actually goes a 

great distance during the setup procedure (which means, the layout of the process is not 

correctly defined) and in addition, the efficiency of the process area is just 43%, as it was 

diagnosed through MSM. In order to minimize distances and time and even considering both 

machines it was suggested a layout readjustment. The distance traveled by the operator has 

changed to about half of the current state. The spaghetti diagram was applied. 

 

 

 

 

 

 

 

Figure 31 - Spaghetti diagram for current state and future state 
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-Moreover, as it can be seen in Figure 32, it is suggested the creation of a structure that can 

supply both machines in a fast and safe way. Thus, in case of an emergency at the production 

level, it isn’t necessary to go to the main warehouse to collect the raw material. The operation of 

the system is relatively simple, through a system of "gutters" the raw material sheet leaves the 

structure and the suction cup crane transports to the cutting table. 

 

 

 

Figure 32 - New Structure for Raw Material 

 

-It was also conceived and suggested a system of supplying empty boxes in order to minimize 

distances traveled, as it can be seen in the right panel of Figure 31.  

 

Another improvement is the introduction of a balance of parts counters for both machines, 

Figure 33, because the operator does not always put the amount of parts produced in the 

boxes. It happens more regularity with small parts, which can sometimes fall between the “teeth 

of the cutting table” or even on the carpet. In this way, the operator will have to count and place 

the stipulated quantity in the production order. 

 

 

 

 

 

 

 

 

 
- As mentioned in the diagnosis, the setup procedure is obsolete and therefore the operator's 

activities are not standardized. Figure 34 shows the application of SMED. The new detailed 

setup procedure with all the new tasks can be found in attachment II. After SMED is applied, a 

reduction of 59% in setup time was obtained.  

 

 

Figure 33 - Platform Weight Scale 
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Figure 34 - SMED Application for Laser Cutting 

 
-It's been diagnosed that the TruLaser machine is often stopped, most of times without the 

operator reporting. One of the reasons for this stop comes from the simple fact that the machine 

head collides with a part. In a way, in order to control these pauses, this situation would be 

solved with the use of the micro-joint solution, which makes the pieces stick to each other (it 

also helps them not to get lost on the workbench). In this way the parts do not incline and do not 

cause the collision. The other solution is to reduce the spacing between the “teeth of the cutting 

table”, thus preventing the parts from tipping. Finally, the 3rd solution does not point to the root 

cause, but it informs the operator of the stop. Whenever the machine stops during production, a 

horn sounds. 

 

-The cutting table area is about 8 m2 and the average area of the sheets of raw material is 

about 4.5 m2, that is only 56% compared to the cutting table. The longer the length of the raw 

material plate, the lower the number of setup times that occur during a working day. 

 

It is known that a large part of the efficiency losses are due to the setup times so, reducing the 

number of manufacturing orders would certainly increase the available cutting time. 

 

This study only contemplates the TruLaser 5040 machine in 4 working days. Taking into 

account that it is possible to reach an agreement with the supplier of raw material and request 

plates of length of 4 meters, a study was carried out in which it was verified that in 4 working 

days 451 setups occur. The accounts were made and it was verified that if the plates have the 

new dimension only 243 setups are necessary, a minimization of approximately 54% of the 

number of setups. It should be noted that this detected anomaly was diagnosed through MSM 

and it was quantified in the used machine area KPI (attachment VI). 
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- The misuse of raw material also diagnosed through MSM, can be justified by the fact the 

customers usually require parts for short lead times, but the negotiation of parts for internal or 

external stock can be a possible solution and surely brings advantages. Internally, other 

departments spend standard parts that can be made for stock and used over time without 

compressing inventory costs. At the external level, a strategy would be to look for deals that 

involve long delivery times that are characterized by having little area and ordered in large 

quantities. Another possibility could be the suggestion to the customers to use slightly different 

thicknesses in which, even if they keep up the price, one could obtain an advantage of superior 

plate and consequent saving of resources. 

 

-In order to continuously improve the process, a Kaizen Event was carried out. The machine 

stops, the importance of the correct counting of the parts and the correction of the parts not ok 

were discussed. The explanation of the importance of these procedures was sensitized through 

the so-called "Bullwhip Effect". 

Thus, after improvements, the MSM estimated efficiencies of some resources are shown in 

Figure 35. 

 

 

 

 

 

In relation to Bending: 

 

-As it can be seen in the left panel of Figure 36, the process layout has been adjusted. Through 

the MSM, it was diagnosed that the efficiency of process area is 70%. Despite this, the operator 

during the setup time still travels a long distance. In order to reduce the distance traveled during 

setup time, a new layout (right Figure) is proposed. In this sense, the distance traveled by the 

operator has been reduced to 1/5 of the initial distance. It was also introduced a "Transport 

Trolley" to the responsibility of the team-leader, one for each machine, as shown in Figure 37. 

The operator finishes the production order, disassemble the punch and die and place them in 

the cart. In turn, the cart has already the next matrix and puncture to use in the next production 

order. This suggestion will certainly make the operator focus only on the machine and do not 

waste time in identifying and transporting tools. In addition, barriers that separate workspaces 

are suggested to minimize distractions, as well as label printing PCs for each machine. 

 

 

  74%                       85%                       56%                       43% 

 79%                       88%                       75%                        74% 

 

Production Time
Machine Energy 

Consumption
Used Machine 

Area
Used Process 

Area

Figure 35 - MSM Estimated Efficiencies for Laser Cutting 
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Figure 37 - Transport Trolley 

 

-In order for the team-leader to start the tasks defined externally as "external", it is suggested to 

install a semaphore type system on each machine. This light has 3 colors (green, yellow and 

red). The green signal means that the machine is producing, the yellow signal means that the 

team leader must begin to prepare the setup, i.e. put the cart next to each machine with the 

tools for the next production order. While the red light means, the machine is stopped and the 

operator should be performing the tasks defined as "internal", as it can be seen in Figure 38. 

 

 

 

 

 

 

 

 

 

 

Figure 36 - Spaghetti diagram for current state and future state 

Figure 38 - Stoplight and Horn 
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-In this process, there is no setup procedure unlike the previous process that was outdated. A 

setup procedure has been created, shown in attachment IV. However, in order to reduce the 

setup time, the SMED tool was applied, as shown in Figure 39. In the new setup procedure, the 

team-leader takes on new responsibilities. It is responsible for tasks B, C and H of Figure 39. 

 

 

Figure 39 - SMED Application of Bending 

 

-Some technical drawings do not have the necessary rigor and clarity, quotas are not visible, 

there are missing views etc. Sometimes some parts are spoiled in this process and this 

registration is made on paper and only delivered the next day to the person in charge of the 

Laser Cutting. It was suggested that an in-line document was created in which the damaged 

parts were recorded on each production order. In this way, the information arrives more quickly 

at Laser Cutting. 

 

Thus, after improvements, the MSM estimated efficiencies of some resources are shown in 

Figure 40. 

 
 
 
 
 
 
 
 
 
 

 

Production Time
Machine Energy 

Consumption
Used Process Area

 17%                         45%                          70%                 

 24%                         56%                          80%                 

Figure 40 - MSM Estimated Efficiencies for Bending 
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Regarding the Welding: 
 

 
-Develop support for technical drawings and production orders on the workbench; 

-Define the entry and exit areas for each bench; 

-The operator does not know the priorities of work considering that there are many pieces in the 

inbound area, so a card system with green, yellow and red colors is suggested. Within this 

context, the green symbolizes the lowest priority while the red symbolizes the top priority. 

 
Regarding the Shot Blast: 

 

-There is some waste of grit as diagnosed in MSM, one reason is because there is a leak in the 

cabin, a lot of grit is left with the materials and the other is the waste of grit that is not used in 

the cabin, which stays on the floor and with the remaining garbage by the end of the shift. 

-There is also a lot of transport of parts during the setup procedure, so it was suggested that the 

working table should be arranged to move outside the cabin. 

-The stand-by option of the machine was not being used, as diagnosed in MSM, i.e. the 

machine was constantly with the active tires in order to reuse the shot. 

 
 

About Liquid Painting, the process with the most cost in activities of non-added value: 

 

-There are ventilation problems in the working space, the exhaust fans are broken; 

-It is essential that a larger volume ink tank is acquired in order to minimize stops during 

production; 

-It was suggested to re-organize the structure and number of operators of this team taking into 

account that the parts remain a long time waiting for lack of operators that has to move for other 

processes. 

 
Lastly, regarding the Two Manual Processes: 

 

-In order to reduce the distance traveled by the operator, it is suggested that a belt should be 

obtained with the necessary tools for the assembly of the pellet stoves.  

To conclude, some of the suggested improvements have been implemented and well accepted 

by operators. 

 
The Resources MSM Scorecard Future State can be consulted in appendix IV. 
 
Although LEAN tools are very important in eliminating waste, MSM proves to be a very powerful 

methodology in controlling process efficiency and with a lot of potential to be explored and 

developed. 

 
 

 



 80 

7. Conclusion 
 

This thesis, in the context and follow-up of the MAESTRI project, had as its main objective to 

apply and develop the MSM methodology in a new case study, more specifically, in a pellet 

stove production system. It was applied in a production system involving several manufacturing 

processes in the MCG company. 

 

In order to understand the production system and the product flows, in the first instance, a 

diagnosis was made based on the VSM, where the first inefficiencies of the processes and 

consequent opportunities for improvement were identified. The current state of VSM was 

presented in a meeting with some MCG engineers. In this brainstorming session, the 

improvement priorities were agreed upon, so it was decided that the most critical processes and 

those requiring urgent improvement actions were Laser Cutting and Bending. However, despite 

the focus on both processes, solutions for the remaining processes were also presented. At this 

internship, VSM has proven to be a fundamental and an easy-to-use-tool to identify activities 

that add value and activities that do not add value to the product, just in a time perspective. 

However, in view of current concerns about resource scarcity, environmental impacts and 

operational costs, VSM has shown to be limited in identifying resources used in added-value 

activities and in non-added value activities. 

 

In order to overcome this limitation and to carry out a more detailed study from an economic 

and environmental perspective, the MSM methodology was applied in the same production 

system. The MSM was applied with the purpose of promoting an evaluation of the efficiency of 

resources, the operational efficiency of the processes and also an evaluation of the costs that 

these same resources have in the production system. For this purpose, several KPIs have been 

created that allow the identification and quantification of the analysis variables and 

consequently identification of the most critical resources and processing units. 

 

Once both analyses were concluded, some limitations of the MSM were studied and overcome. 

Of particular note is the lack of definition of improvement prioritization from an economic 

perspective. To assist in the decision-making process, some upgrades have been developed for 

MSM, allowing it to operate not in the lowest efficiencies, but in the efficiencies that hold the 

highest percentage of cost.  

 

To summarize, the four complementary analyses developed are: 

 

• A new dashboard divided in four quadrants that relates both efficiencies: the operational 

efficiency and the resource efficiency; 
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• It was suggested a new cost scorecard, a cost breakdown analysis is done for all the 

processing units’ resources divided in AV and NAV (it is presented the ERC and the 

PUEC); 

• A new dashboard is presented, which relates the efficiency of resources, the efficiency 

of the operations and the effective cost of AV and NAV of the processes; 

• The last and fourth analysis had the purpose of showing the potential benefit of the 

methodology in the industry. For this target, two different dashboards are developed. 

The first one in a perspective of visualization by the operator, his team and the team-

leader and the second in a perspective of visualization by the top management, in an 

audit perspective like an overall analysis of the production system. 

 

Several actions and LEAN improvements have been suggested to reduce the most important 

inefficiencies by giving more emphasis to Laser Cutting and Bending processes. To conclude, 

the future state of MSM was presented to quantify the impact of the proposed solutions on the 

production system. 

 

MSM has proved to be a very rich methodology for identifying waste and with enormous 

potential to be explored in future studies. 

 

8. Future Work 
 
 
Given that MSM is a fairly recent methodology, there is much potential to be explored and 

tested in new case studies. It is a methodology that in my opinion will reach its "hype" when it is 

fed with data directly from sensors and other measuring devices. Step-by-step and considering 

the simplicity and flexibility of the methodology being applied to a wide range of organizations I 

believe that when applied it will be a great improvement for companies. 

For instance, in view of my strong connection to winemaking, I do believe in its implementation 

on farms where all the resources applied can be monitored either in the vineyard or in the 

wineries. 

In the present case, only one machine is studied in each process, it would be an asset to MCG, 

for example, being able to monitor all process machines in order to obtain an overall analysis of 

the total production system. In this work only MSM 1.0 was applied, though, it would be an 

advantage in the future to join MSM 1.0 and MSM 2.0 thus allowing an analysis of the efficiency 

of the entire product flow. The only disadvantage of this analysis is that it would have a very 

extensive dashboard making data interpretation difficult. 

To conclude, it is extremely important that we can find ways to feed the MSM methodology in 

real time. The next big step will be to find ways to collect and monitor all these data and be a 

methodology used by companies in the next industrial revolution, the well-known Industry 4.0. 
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10. Attachments 
 

10.1. Attachment I – VSM current state 
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10.2. Attachment II - Procedimento de 
Setup – Corte de Laser 
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10.3. Attachment III - Procedimento de 
Setup – Quinagem 
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10.4. Attachment IV – MSM Future State 
 

 
 
 
 
 
 

10.5. Attachment V – Units for each process parameter 
 

 

Production Time min 

Machine Energy Consumption KWh 

Building Energy Consumption Wh 

Consumable Gases m3 

Compressed Air m3 

Raw Material Kg 

Auxiliary Material Consumption Kg 

Used Machine Area m2 

Used Process Area m2 

Worker min 
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Sheet Lengh Sheet Width Sheet Area Thickness Material Current Number of Sheets Total Area Future Number of sheets

3000 1500 4,5 1,5 Stainless Steel 14 63 11

2000 1000 2 4 Steel 24 48 12

1540 1500 2,3 3 Steel 22 50,6 9

2000 2000 4 3 Stainless Steel 58 232 39

1700 1000 1,7 2,5 Stainless Steel 128 217,6 55

2000 1000 2 4 Steel 22 44 11

2000 2000 4 4 Aluminum 42 168 21

2000 2000 4 4 Steel 27 108 14

2000 1000 2 15 Stainless Steel 5 10 3

1075 405 0,4 15 Stainless Steel 1 0,4 1

3000 1500 4,5 3 Steel 33 148,5 25

440 275 0,1 5 Stainless Steel 5 0,5 1

3000 1500 4,5 2 Steel 16 72 12

2000 1000 2 1,5 Stainless Steel 3 6 2

3000 1500 4,5 10 Stainless Steel 1 4,5 1

2000 1000 2 12 Stainless Steel 2 4 1

2500 1250 3,1 3 Aluminum 5 15,6 4

3000 1500 4,5 6 Stainless Steel 8 36 6

2500 1250 3,1 6 Steel 17 52,7 11

3000 1500 4,5 3 Aluminum 18 81 14

451 sheets 243 sheets

 

10.6. Attachment VI - L. Cutting – Future number of 
sheets 

 

 

 

 

 


