
  

 
Developing process quality 

measurement in shipbuilding industry 
 
 

Selma Basic  

      

 

  

 

Master of Science in Industrial Engineering and Management  
September 2019 
 

Faculty of Computing, Blekinge Institute of Technology, 371 79 Karlskrona, Sweden 

 



  

This thesis is submitted to the Faculty of Industrial Engineering and Management at Blekinge Institute 
of Technology in partial fulfilment of the requirements for the degree of Master of Science in 
Industrial Engineering and Management. The thesis is equivalent to 20 weeks of full-time studies.  
 
The author declare that he is the sole author of this thesis and that he has not used any sources other 
than those listed in the references. He further declares that he has not submitted this thesis at any other 
institution to obtain a degree. 

Contact Information: 
Author(s): 
Selma Basic 
E-mail: sebb14@bth.student.se   
 

 

University advisor: 
Philippe Rouchy 
Industrial Engineering and Management 

Faculty of Industrial Engineering 
and Management 
Blekinge Institute of Technology 
SE-371 79 Karlskrona, Sweden 

Internet : www.bth.se 
Phone : +46 455 38 50 00 
Fax : +46 455 38 50 57 



 
 

ABSTRACT  
This thesis investigates the possibility to adapt Overall Equipment Effectiveness (OEE), to the 
development process in the shipbuilding industry. More specifically the development process was 
delimited to the phases; design, work preparation, production and verification.  Ordinarily, OEE is a 
performance measurement for mass production. It includes a quality parameter which has been the 
focus of this thesis. Both literature review and case study investigation show that process quality is of 
critical importance in the shipbuilding industry because of the needs for dimensional accuracy and 
high-quality assemblage. The three main factors affecting process quality are; the flow of information 
between engineering phase and production phase, and the amount of rework and delays.  
 
The factors were evaluated along an optimization method with a specific attention to process quality. 
A case study was conducted to confirm the relevance of the literature review on factors affecting 
process quality and allowed to gather factors in process quality that are relevant to the industry. In 
light of those results, I re-developed a model providing new measurement of what I call OPQE 
(Overall Process Quality Efficiency).  
 
This study contributes to a better understanding of process quality in ETO (Engineering- To- Order) 
industries. Notably it shows how deviations that require rework and causes delays are impacting 
process quality. It also shows that detecting errors early in the process of production is essential for 
insuring quality control. An error detected late affects negatively process quality and increases cost.  
 
Keywords: Quality, ETO industries, process quality, performance measure, OEE, Overall Equipment 
Effectiveness, low volume high variety manufacturing, shipbuilding  

 

 

 

 

 

 

 

 

 



 
 

SAMMANFATTNING  
Detta examensarbete undersöker möjligheten att anpassa Overall Equipment Effectiveness (OEE) till 
utvecklingsprocessen inom varvsindustrin. Mer specifikt avgränsades utvecklingsprocessen till 
faserna; design, beredning, produktion och verifiering. Vanligtvis är OEE en prestandamätning för 
massproduktion. Den innehåller en kvalitetsparameter som har varit i fokus i detta examensarbete. 
Både litteraturstudie och fallstudie visar att processkvalitet har en avgörande betydelse i varvsindustrin 
på grund av behovet av dimensionell noggrannhet och högkvalitativ sammansättning. De tre 
huvudfaktorerna som påverkar processkvaliteten är; informationsflödet mellan teknik-fasen och 
produktionsfasen samt mängden omarbetning och förseningar. 
 
Faktorerna utvärderades utifrån en optimeringsmetod med särskild uppmärksamhet på processkvalitet. 
En fallstudie genomfördes för att bekräfta relevansen av litteraturstudien av faktorer som påverkar 
processkvaliteten och möjliggjorde insamlingen av processkvalitetsfaktorer som är relevanta för 
branschen. Med hänsyn till dessa resultat utvecklade jag en modell som ger en ny mätning som jag 
kallar OPQE (Overall Process Quality Efficiency). 
 
Denna studie bidrar till en bättre förståelse av processkvalitet i ETO (Engineering-To-Order) 
industrier. Studien påvisar hur avvikelser som kräver omarbetning och orsakar förseningar påverkar 
processens kvalitet. Studien visar också att det är viktigt att detektera fel tidigt i utvecklingsprocessen 
för att säkerställa kvalitetskontroll. Ett fel som upptäcktes sent påverkar processkvaliteten negativt och 
ökar kostnaden. 
 
Nyckelord: Processkvalitet, ETO-branscher, prestandamått, OPQE (Overall Process Quality 
Efficiency), tillverkning av låg volym av hög variation, varvsindustri 
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1. Introduction  
In recent years, manufacturing industries have become global and started taking advantage of the 
lower cost of labour and large production capabilities of emerging economies (Defeo, 2016). This 
applies to the shipbuilding industry as well. The shipbuilding industry is interesting as it is one of the 
most strategic, oldest, open, and highly competitive markets in the world (Mascaraque-Ramírez, Para-
González & Moreno-Sánchez, D, 2018; Bruce & Garrard, 2013). Today, companies are fighting to be 
differentiated from their competitors (Bruce & Garrard, 2013). In the naval sector as in other, this 
differentiation is achieved thanks to high quality products and services to gain competitive advantage 
(Bruce & Garrard, 2013). However, the shipbuilding industry has been traditionally reticent to major 
changes (Mascaraque-Ramírez, Para-González & Moreno-Sánchez, 2018). Emphasis has been on 
correcting errors rather than documenting, measuring and improving. However, there is now higher 
demands on cost effective production and quality assurance during development and production.  

In the shipbuilding industry the focus has primarily been on product quality (Bruce & Garrard, 2013; 
Minami, Soto & Rhodes, 2010). The reason is because ships and submarines operate in highly risky 
environments, thus they require a high product quality in order to sustain in these circumstances and to 
make sure that the ship operate safely (Mascaraque-Ramírez, Para-González & Moreno-Sánchez, 
2018. Quality calls for careful attention to whole manufacturing processes- from the handling of 
requirements to the final control- and requires input from multiple departments. Currently, there is a 
massive emphasis on quality in all its aspects, not only on the quality of the finished product but also 
the quality of process that result in the product, referred to as process quality (Defeo, 2016). In recent 
years the importance to not only focus on product quality but also process quality is highlighted 
(Defeo, 2013). This is also true for the shipbuilding industry specifically (Bruce & Garrard, 2013). 
Managing quality is crucial for businesses (Defeo, 2016; Juran & Godfey, 1999) and can make the 
difference in the way to win new contracts (Bruce & Garrard, 2013).  

Especially, the hull of a submarine requires high quality. The hull has to withstand high hydraulic 
pressure and therefore, requires the use of highly advanced shipbuilding technology. The hull design 
and production process requires more man-hours and output to complete compart to other submarine 
parts and systems; thus, this area is expected to show the most business improvements and 
productivity gains when approached from the perspective of a business process (Son & Kim, 2014). 

The entire process of shipbuilding involves a number of specific stages, including (Lamb, 2003; 
Storch et al., 2007):  

• development of owner’s requirements;  
• preliminary/concept design;  
• contract design 
• bidding/contracting 
• detail design and planning; 
• construction (production) 
• sea trials and delivery (verification) 

Because of the changing and more stringent requirements on quality assurance and cost efficiency the 
industry has started to move from craft industry to newer forms of production (Bruce & Garrard, 
2013).  Improvements philosophies such as Lean, which focuses on effective flows, is something that 
is starting to be implemented in the industry (Lund and Wright, 2003). This has increased the need for 
the shipbuilding industry to consider process quality as well as product quality. Newer forms of 
production are focused on making the processes more efficient and reducing waste (Moura & Botter, 
2011). Process quality has been shown to be a major factor in achieving cost effective production 
(Bruce & Garrard, 2013).  

Although other sectors, such as the automobile industry, have been well studied (Caniëls, Gehrsitz & 
Semeijn, 2013; Womack et al.,1990), the shipbuilding industry has remained largely unstudied (Lam 
& van de Voorde, 2011; Para‐González, 2018). The adoption of improvement philosophies and a Lean 
culture offers new opportunities for improving quality in the shipbuilding industry (Gu et al., 2007; 



2 
 

Lund and Wright, 2003; Wang, 2008).  However, improvement goes hand-in-hand with measurement 
(Defeo, 2016; Juran & Godfey, 1999; Minami, Soto & Rhodes, 2010).  

According to Gazkell (2013) new performance measures are required when:  

• Traditional management accounting is no longer relevant or useful to a company moving 
toward a world class manufacturing environment. 

• Customers are requiring higher standards of quality, performance, and flexibility. 
• Management techniques used in production plants are changing significantly. 

In manufacturing quality is usually measured as performance (Maskell, 2013). The global speed of 
change within the manufacturing industry forces companies to constantly improve quality and 
production performance. In that effort, performance measures are critical for driving and managing 
production improvements (Burati, Farrington & Ledbetter, 1992). In the manufacturing sector, 
companies base some of their improvement activities on optimizing a well-known lean tool called 
OEE (Overall Equipment Effectiveness). This rate was originally developed in mass production and in 
the area of maintenance. It still usually used in mass production. Low volume high variety production, 
such as in the shipbuilding industry, introduces complexities in the quality assurance processes 
involved in a manufacturing system (Davrajh & Bright, 2013). The shipbuilding industry is 
characterized by being an order‐based industry, unlike other manufacturing industries, which mainly 
produce a variety of products or services according to a particular schedule. In addition, because 
different functions and specifications are required depending on the needs of the ship-owner, the 
construction process varies for each production, allowing only limited automation, and is therefore a 
characteristic labor‐ intensive industry where mass production is difficult (Moura & Botter, 201; 
Minami, Soto & Rhodes, 2010).  

However, many applications of OEE has been done as it consists of three adaptable and for most 
industries very relevant components; quality, availability and performance (Davrajh & Bright, 2013). 
OEE has spread to all part of a company and is used to optimize operational activities (Garza-Reyes, J. 
A. 2015).  

 

1.2 Problem  
The shipbuilding industry is moving towards newer forms of production methods and has started to 
introduce the improvement philosophy Lean in order to achieve higher quality and cost effectiveness 
(Bruce & Garrard, 2013). Because of this there is a need for the shipbuilding industry to consider 
process quality. The focus has primarily been on product quality (Minami, Soto & Rhodes, 2010). The 
adoption of Lean culture offers new opportunities for improving quality in the shipbuilding industry 
(Lund and Wright, 2003; Moura & Botter, 2011). However, in order to improve there is a need to 
measure. Thus, in order for the shipbuilding industry to improve process quality, it has to be measured 
(Burati, Farrington & Ledbetter, 1992). As process quality is something that hasn’t been in focus, no 
such measurements were found in the theory. However a Lean tool that has been successful in mass 
production is OEE (Garza-Reyes, J. A. 2015). Most importantly OEE consists of a quality factor and 
therefor it is appropriate to adapt this tool to the shipbuilding industry.  

For this thesis it was important to identify the need to measure process quality in reality as well as in 
theory. Therefore, I got in contact with Saab Kockums.  

Saab Kockums is a shipyard in Karlskrona, Sweden, owned by the Swedish defence company Saab 
Group. While having a history of civil vessel construction, Kockums' most renowned activity is the 
fabrication of military corvettes and submarines. The main project at Saab Kockums for the moment is 
the design and manufacturing of two submarines bought by the Swedish government. The design of 
the new submarines is based on a previous model. However, the project involves a substantial amount 
of new technology and work procedures. 

The shipyard Saab Kockums is modernizing their processes thru the implementation of Lean. The 
submarines are highly technological advanced products which requires high quality with regards to the 

https://en.wikipedia.org/wiki/Shipyard
https://en.wikipedia.org/wiki/Sweden
https://en.wikipedia.org/wiki/Saab_Group
https://en.wikipedia.org/wiki/Saab_Group
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harsh environment it operates in. Further, process quality is not measured in the same extent as 
product quality at Saab Kockums. Therefore, the goal is to develop a model that will measure process 
quality and the idea is to build new measurements based on OEE but adapted to the submarine 
industry.  

The main challenge of the thesis is to find measurement in which are designed for process quality in 
shipbuilding. In order to do this, it is essential to first gather factors that affect process quality and 
incorporate them in the new measurement. 

 

1.3 Purpose and research question 
This thesis explores the possibility to develop the Lean tool Overall Equipment Efficiency to measure 
the quality of a development process the shipbuilding industry. With process I mean the overall 
activities that directly and indirectly create the product, thus the focus is not only on production 
activities, but rather on the process from a business perspective. The hull requires especially high 
quality and is the longest activity in shipbuilding, therefore process quality calculations will be made 
on the development process of a hull section.  

First, the most relevant phases of development must be identified. Then I want to know what affects 
the quality in terms of a Lean process and then I want to be able to measure the level of process 
quality. Therefore, factors that affects the process quality in the shipbuilding needs to be identified and 
a formula for quality need to be developed. As the goal with implementing Lean is to be more cost 
efficient, the relation between cost and process quality factors will also be investigated.  

The research question that will be answered is:  

• How can OEE be interpreted and transformed in order to measure process quality in 
shipbuilding industry? 
 

In order to answer the research question factors that affect quality need to be identified. Further, OEE 
factors must be interpreted. The interpretation of OEE factors with focus on quality is expected to give 
a definition of quality that fits the submarine development process. Further, by answering the research 
question, knowledge about which areas of the development process that can be optimized in order to 
improve quality, is also expected to be gained.  
 
Finally, recommendations on how Saab Kockums should lead the continued work with process quality 
measurements will be presented. The result is expected to be used for the development process for 
different parts in order to gain control and understanding of the level of quality and enable 
comparisons to lead future quality improvements.    

 

1.4 Delimitations    
• The navy shipbuilding industry is of course more sensitive than the civil shipbuilding 

industry; Accordingly, this thesis has taken into account, at the discretion of my industrial 
supervisor, the information and value that he has deemed to modify for publication.  

• Because of the military nature of the study, we have no measurements to compare from. 
Therefore, I developed a new measurement to assess quality. 

• Theorisation about military shipbuilding is scarce which lead me to including ETO industries.  
• I have been concerned essentially with internal process quality factors at the exclusion of 

external factors that could be of importance.  
• Information about deviations are handled in a quality management system. The system is 

mainly used to handle deviations detected in the production phase. 
• One main issue of delimitation of the study variables has been in the assessment of the rework. 

Rework occurs because of insufficiencies in the flow of information: It is the nature of the 
rework itself to be difficult to identify, quantify and evaluate. 
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2. Literature review  
 

2.1 Lean 
There are many different strategies to improve quality however Lean, TQM and Six Sigma are the 
most common (Defeo, 2016). The strategy that will be taken into consideration in this report is Lean. 
Lean differs from TQM and Sex Sigma because it mainly focuses on process flows and waste. As the 
focus in Lean is process flows and the goal with the thesis is to measure process quality, Lean will be 
the improvement philosophy to focus on. The Lean improvement methodology is based on the PDCA 
model (Plan-Do-Check-Act). This is the way continuous improvement is made in order to minimize 
quality shortage costs (Blücher & Öjmetrz, 2007; Juran & Godfrey, 1999) 

 

 
Figure 1. Plan-Do-Check-Act model 

Further, to goal is to cut production costs, improve quality, speed up delivery and hopefully remain 
competitive, and save money. The internal goal for companies is to continuously increase efficiency 
while satisfying customers. The activities within the company which are not bringing value are 
eliminated since they contribute to wasting resources as time, which could be spent on activities that 
create value for the customers (Näslund, 2008). In a manufacturing system, reworking of the 
defectives and management of waste or scrap are important issues that call for immediate attention to 
meet the basic objectives and requirements for Lean production system (Biswas & Sarker, 2008). The 
various qualitative benefits include aspects of labour as well as production. For example, researchers 
have shown that quality improvement increased employee morale, team decision making, effective 
communication, job satisfaction, etc (Bhamu & Sangwan 2014).  

The quantitative benefits of implementing Lean is improvement in production lead time, processing 
time, cycle time, set up time, inventory, defects and scrap, and overall equipment effectiveness (OEE). 
Overall Equipment Effectiveness (OEE) is a lean tool that is one of the most commonly used measures 
in operations (Andersson & Bellgran, 2015). OEE is a “best practices” metric that identifies the 
percentage of planned production time that is truly productive. An OEE score of 100% represents 
perfect production: manufacturing of only good parts, as fast as possible, with no downtime (Saha, 
Syamsunder & Chakraborty, 2016). The original definition of OEE developed by Nakajima (1989) 
considers six big losses divided into the three categories; availability, performance and quality. 
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Figure 2. Definition and computation of OEE 

 
Lean principles can be easily applied to situations with low levels of customization. However, as the 
degree of customization increases and customer involvement occurs earlier in the design and 
fabrication stages, the direct application of Lean principles becomes challenging (Badurdeen and 
Stump, 2009). Most applications of Lean and Lean tools have been to high volume and relatively 
standardized products (Sundar, Balaji, Kumar, 2014; Gupta, Sharma, Sunder, 2016). In mass 
production, work becomes highly standardized specifying to the second what the operator should do. 
Buffers are precisely sized and controlled through various types of pull signals (Lander & Liker, 
2007). Lean production is regarded by many as simply an enhancement of mass production methods, 
and not so suitable for low volume high variety production modes such as such as shipbuilding (Botter 
and Mouras, 2017; Oliveira & Gordo, 2018; Storch & Lim, 1999). In the last few years, the amount of 
papers investigating Lean in an ETO (engineering-to order) type of environment has increased 
(Eriksson, 2010).  

Some Lean concepts has been applied in most industrial environments, such as “elimination of 
wastes” and “just in time deliveries”. However, while Lean principles can be applied in any industry 
(Womack and Jones, 2003), in low volume high variety production the implementation methods and 
tools must be adapted (Portioli-Staudacher & Tantardini, 2012; Badurdeen and Stump, 2009). 

Due to it is increasing use in industry and effectiveness as a performance measurement for individual 
equipment, further research has attempted to expand the application scope of OEE.  For instance, in 
some applications, it has been expanded through more elements than just availability, performance and 
quality (Garza-Reyes et al. 2010).  

Garza-Reyes (2015) introduced overall resource effectiveness (ORE), that emphasises performance 
factors such as the efficient use of raw materials and the production environment (e.g. production 
system, logistics, labour, etc.). According to Garza-Reyes et al. (2010), OEE can be used as an 
indicator of process improvement and as an approach to achieve it.  

 

https://www-emeraldinsight-com.miman.bib.bth.se/doi/full/10.1108/IJPPM-05-2018-0192
https://www-emeraldinsight-com.miman.bib.bth.se/doi/full/10.1108/IJPPM-05-2018-0192
https://www-emeraldinsight-com.miman.bib.bth.se/doi/full/10.1108/IJPPM-05-2018-0192
https://www-emeraldinsight-com.miman.bib.bth.se/doi/full/10.1108/IJPPM-05-2018-0192
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Table 1. Summary of OEE applications. Source: Garza-Reyes et al. 2010 
Metric Authors, year Description   

Overall Factory Effectiveness   
(OFE) 

 

Scott & Pisa, 1998 Relationship among different 
machines and processes 

Overall Process Effectiveness 
(OPE) 

 

Sherwin, 2000 Measure the performance of 
whole processes 

Overall Throughput 
Effectiveness (OTE) 

Muthiah & Huang, 2006 Measure the performance of a 
factory level. 

 
Overall Resource 

Effectiveness (ORE) 
 

Garza-Reyes, 2015 Measures the efficient use of 
raw materials and the 

production environment  
Overall Asset Effectiveness 

(OAE) 
 

Muchiri & Pintelon, 2008 Losses due to business-related 
and other non- operationally 

related causes 
Overall Environmental 

Equipment Effectiveness 
(OEEE) 

 

Domingo & Aguado, 2015 Concept of sustainability based 
on the calculated 

environmental impact 

Overall Greenness 
Performance (OGP) 

 

Munoz-Villamizar el al., 2018 Environmental hierarchy of 
metrics according to value 

adding processes 
Overall Labour Effectiveness 

(OLE) 
 

Butlewski et al., 2018 Improving in safety and fatigue 
management 

 

To improve the shipbuilding process and obtain a more cost-effective production, several approaches 
are used today. The state-of-the-art approach is based on newer production technologies, mainly steel 
cutting and welding technologies, which allows to improve the quality of the products and reduce the 
production time. Lean is an approach that is usually not applied however Lean tools and strategies are 
becoming more and more used in the navy with the goal to reduce costs and construction span by 
remove non value added activities and reduce waste (Oliveira & Gordo, 2018; Minami, Soto & 
Rhodes, 2010). For instance, the United States’ VIRGINIA class of submarines was built with a Lean 
thinking to reduce the costs of building. The program began integrating Lean strategies into every 
aspect of the construction process. Another example is Electric Boat that has been applying Lean tools 
to the entire submarine design, test, and repair process. In 2006, Electric Boat completed 131 Lean-
projects that produced a net savings of some $16.2 million (Miskimens, 2009). 

 

2.2 Process quality  
In the area of high-tech manufacturing products, even slight variations of the product state during 
production can lead to costly and time-consuming rework or even scrappage (Andersson & Bellgran, 
2015). Therefore, there is an emphasis on quality in all its aspects, and it’s not only on product quality 
(Defeo, 2016). Defeo (2016) highlights the importance of process quality in order to obtain high 
product quality. This is because all activities preformed at a company are created in order to deliver 
the product the best way possible. 

Process quality might be especially important in the shipbuilding industry. Ships and submarines have 
a high need for consistent dimensional accuracy. All parts need to be of equal quality in order to fit 
perfectly when assembled and in order to achieve desired product quality (Jung et al. 200; MacKay, 
Van Keulen & Smith, 2011).  
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Characteristic for the shipbuilding industry is that it is an Engineering-To-Make industry which is 
characteristic by low volume high variety production (Hicks, Mcgovern & Earl, 2001). In engineer-to-
order (ETO) the product differentiation occurs at the design stage (Mello, Strandhagen & Alfnes, 
2015). Meaning that each product is designed to satisfy specific needs which varies from one customer 
to another. Typical examples of sectors which operate as ETO supply chains is; shipbuilding, heavy 
equipment, offshore oil and gas, and construction (Gosling and Naim, 2009). These supply chains 
typically sell to niche markets, with none or very few competitors. Additionally, the customers, are 
usually willing to pay higher price for a product that fits their needs in every aspect (Stavrulaki and 
Davis, 2010). Thus, the budgets are in scale of billions. Important to point out is that the costumers of 
military submarines are usually are nations. However, there is a need to be cost efficient especially if 
the shipyards goal is to do international businesses (Bruce & Garrard, 2013). 

 
Figure 3. Different types of production modes 

 

In ETO companies the customer is exposed to the whole lead-time because there is no stock of 
finished products to instantly satisfy the need of the customer. Thus, high degree of product 
customization has a direct impact on the project lead time because most activities are performed after 
receiving an order (Mello, Strandhagen & Alfnes, 2015). A big challenge for ETO supply chains is to 
prevent the lead time from being unacceptably long. The occurrence of delays and rework is a major 
problem in ETO industries, as well as shipbuilding (Bruce & Garrard, 2013), and has a direct impact 
on the performance of the company (Stavrulaki and Davis, 2010). According to Mello, Strandhagen & 
Alfnes (2015) the reason why delays and reworks are common in large engineering projects is because 
these projects require several refinements during implementation. The refinements along the way 
increases lead times and costs.  

Exactly how much delays usually occurs in ETO projects was difficult to find in theory.  I found one 
shipbuilding project where the project had a delay of approximately 20 % (Mello, Strandhagen & 
Alfnes, 2015). Several reason to why the project was delayed are mentioned. The main reason was 
however the interface between engineering and production. The schedule was tight which increased 
the concurrency between engineering and production. Due to this, there were significant 
interdependencies between information and material flows which increased the risk for reworks and 
delays. Additionally, changes occurred because of several reasons for instance shipyard’s production 
constraints were not considered by the ship designer in the beginning and the design was completely 
customer-specific. When drawing was updated because an error was found or a change was made, 
there were also many other related drawings that had to be updated. Also, the changes and their impact 
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on other systems. The delays and rework resulted in overriding the budget (Mello, Strandhagen & 
Alfnes, 2015)  

Bruce & Garrard (2013) states that rework is the reason for shipbuilders to consider process quality. In 
order to eliminate rework root causes of rework must be identified and actions to minimize rework are 
not put in this can lead to product quality failures. Unintended deviations from correct and acceptable 
practices and lead to project cost and schedule overruns. Rework is a major contributor to cost and 
schedule in ETO environments (Fayek, Manjula & Oswaldo, 2004; Mello, Strandhagen & Alfnes, 
2015; Hicks, Mcgovern & Earl, 2001). Further, the amount or degree of delays and rework is one of 
the most important measures for efficiency that covers both the extra time spent and amount of 
resources required for a project (Hicks, Mcgovern & Earl, 2001). 

In order to deal with delays and rework its necessary to coordinate the process (Mello, Strandhagen & 
Alfnes, 2015). Competitive advantage emerges from the ability of coordinating both internal and 
external processes (Hicks, Mcgovern & Earl, 2001). There are three major phases that require 
coordination in ETO are:  

• Tendering (sales/marketing) 
• Product development (engineering) 
• Product realization (production) 

The two activities that need more coordination than others are engineering and production. This is 
because a high number of documents needs to be handled. Because the engineering phase is not over 
when production starts, thus these two phases are usually overlapping, the production needs to handle 
a high number of engineering revisions (Hicks, Mcgovern & Earl, 2001; Mello, Strandhagen & 
Alfnes, 2015). According to Hicks (2001) “Missing information and engineering revisions caused by 
the overlapping of manufacturing and design activities are major sources of uncertainty that 
complicate the management of ETO manufacturing”. The fact that production and engineering is 
overlapping is part of the complexity of ETO projects. Deep product structures and sporadic demand 
for different items that requires various methods of production activities is adding to the complexity 
(Mello, Strandhagen & Alfnes, 2015).  

Fayek, Manjula & Oswaldo (2004) identified five major areas of rework with their associated root 
causes; Engineering, human resource capabilities, supply, leadership and planning. Their focus was to 
determine the major cost contributor of rework for 108 incidents in a construction project. The 
construction industry can be compared to the shipbuilding industry as it falls under the same category: 
large and complex equipment (Juran & Garrard, 1999). The main source of rework was “Engineering 
and Reviews” which had the highest monetary weight at approximately 60%. The second highest 
source was “Human Resource Capability” around 20% and third highest was “Material and Equipment 
Supply” at around 15%. “Construction Planning and Scheduling” and “Leadership and 
Communications” has almost the same weighting (Fayek, Manjula & Oswaldo, 2004). 

Another study shows as much as 70% of the total amount of rework experienced in construction and 
engineering projects is design-included (Love & Sing, 2013).  The study suggests that main reason for 
time and cost overruns is rework because of design changes and errors and the main reason why this 
happens is schedule pressure. As the costumer is usually exposed to the whole lead time in 
engineering projects there is usually a pressure from the costumers to complete the project (Love, & 
Sing, 2013). Because of timeline pressure, design department and design consultants move on to 
quickly to the next bid or are preparing the next phase of the project without fully understanding and 
having the time reflect on past design issues nor to review their processes (Fayek, Manjula & 
Oswaldo, 2004). A lot of rework can also lead to demotivation among employees and substandard 
performance that may also generate rework (Hicks, Mcgovern & Earl, 2001). In the shipbuilding 
industry time and cost overruns happen when the shipyard wants to start generating cash flow. In order 
to do this, they usually start constructing and producing before the complete design is finished which 
lead to unnecessary design compromises later. In a project the structural design was completed before 
the distributive systems were considered. By the time the problem was identified, it was too late to 
redesign the structure to take those systems into account (Bruce & Garrard, 2013).  
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Abdul-Rahman (1995) study shows that errors in building had 50% of their origin in the design stage 
and 40% in the construction stage. His study points out that it’s nesscary to understand that 
deficiencies resulting in rework can occur during different phases of the project life cycle. The design 
phase is among the initial phases in an engineering project. Errors made during the early stages of a 
project are often detected during the later phases of the project, after what appears to be an “error free 
- undetected period.” (Love, & Sing, 2013). This is the time work continues without the knowing that 
it will have to be rework later, because the documents are faulty for instance. Design errors from 
engineers that go undetected lead to a decrease in quality. However, it can also lead to more serious 
errors such as structural, geotechnical and engineering or mechanical failures (Fayek, Manjula & 
Oswaldo, 2004).  

In ETO industries, engineering and production represents the two main flows:  

• Non-physical (information flow) 
• Physical (material flow) 

The interdependency between information and material flows increases as the project progress. This 
also means that late changes in the process of making the product have a higher impact on the 
efficiency of production (Stavrulaki and Davis, 2010). 

Botter and Mouras (2017) paper explores the potential application of Lean to the shipbuilding 
industry. They also raise the issue with the occurrence of rework in shipbuilding. In their study they 
find that a key factor in production management is related to the flow of information on the sites. Bad 
communication increases rework and unnecessary movements. The occurrence of rework impairs the 
productivity of shipbuilding and increase the lead time. Due to the complex nature of shipbuilding 
establishing a successful flow of information can be challenging (Botter & Moura, 2017). 

Thus, the flow of information is to be considered in the context of process quality. Businesses are 
usually structured in a hierarchy of functionally specialized departments. The management brings the 
direction, goals, and measurements into action by deploying them downward through a vertical 
hierarchy. However, the processes which yield the products of work, flow horizontally across the 
organization through functional departments. Each function department has somebody that is 
responsible for the output and performance of that department. Usually, no one is responsible for the 
whole process. The problems arise when each specific functional department focuses only on their 
own goals, resources, and careers. This leads to a conflict between the demands of the departments and 
the demands of the main process consisting of all functional departments. As not enough effort is 
made to fulfil the needs of the main overall process, it´s neither effective nor efficient (Defeo, 2016). 

 

2.3 Quality Cost 
Naval construction industries face shared problems regarding cost over-runs and delays (Minami, Soto 
& Rhodes, 2010). When delays occur, the project usually has to choose between a decline in quality or 
additional recourses or rework (Love, & Sing, 2013). A decline in quality is not an option in the 
shipbuilding industry regarding the fact that ships and submarines operates in a dangerous 
environment and requires high product quality (Bruce & Garrard, 2013). Additional resources will 
significantly increase project costs (Love, & Sing, 2013). This is usually the case in shipbuilding 
projects (Minami, N.A., Soto, L.L. & Rhodes, D.H. 2010; Bruce & Garrard, 2013; Miskimens, D. 
2009) 

According to Defeo (2016) there are two different aspects of quality that are related to income; quality 
cost more short-term and cost less long term.  Usually quality pays off long term.  To enable high 
process quality investments must be done (Defeo, 2016). The cost of poor quality includes; cost of 
nonconformities, cost of insufficient processes and cost of lost opportunities for sales revenue (Juran 
& Garrard, 1999). Costs associated with poor quality are perhaps the greatest area of waste in ETO- 
projects. The cost of poor quality (non-conformance), as measured on site, has turned out to be 10-
20% of total ETO- project costs (Love and Li, 2000). 
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Figure 4. Cost of poor quality. Source: Juran & Garrard, 1999 

 

Further, quality Deficiency Costs (QDC) are the costs which do not have any coverage in the financial 
calculations. There are many definitions and models on how to calculate quality deficiency costs. Each 
company must make their own definition of what quality deficiency costs are. A few different 
definitions of quality deficiency cost found in the literature are: 

• "The costs that would disappear about a company's products and its different business 
processes would be perfect” (Juran & Garrard, 1999). 

• “All the costs incurred to help employees do the right thing each time and cost of 
determining whether the output is acceptable plus those costs incurred by the company 
and from customers for the output not corresponded to the specifications and / or 
corresponded to the customer's expectations” (Harrington, 1987). 

• "The total cost of achieving quality" (Bank, 1992). 

 
Figure 5. Cost of quality components 

QDC includes all cost of quality, both the cost of good quality and the cost of bad quality (figure 5). 
The focus in this thesis is on internal cost of failure. It includes rework, delays, re-designing, 
shortages, re-testing, downtime, lack of flexibility and adaptability etc. (Juran & Garrard, 1999; Defeo, 
2016). The cost of rework is usually not the same in different industries. Due to its complex nature the 
cost of rework is usually higher in ETO industries in comparison to other industries (Mello, 
Strandhagen & Alfnes, 2015; Fayek, Manjula & Oswaldo, 2004). According to one study which 
investigates the cost of rework for different industries they find that heavy engineering projects has the 
highest cost of rework, 12, 4 %. whereas the average for other type of industries is 5% (Hwang et al, 
2009). However, there is a high degree of uncertainty about how much rework really costs (Love et al. 
2018). Rework is a part of the hidden in-house quality cost (Dale, Reid & Bamford, 2016). 
Uncertainty about the cost of rework occurs as there is a proclivity for these costs to be largely 
ignored, concealed or considered to be normal function of operations (Love et al. 2018). 

In large complex development projects cost overruns are typically between 40 and 200 per cent 
(Morris & Hough, 1987). James Harrington (1987) was among the first researcher to point out that 
QDC not only arise in production but can also be found in the offices, among designers and production 
processors. Thus, quality costs including cost of rework are not simply the result of factory operation, 
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the support operations are also major contributors (Juran & Garrard, 1999). Loves (2008) suggestion is 
that the hidden costs are around 60-70% of the total business turnover. 

A rule of thumb that is usually stated is that the cost increases with a ten-point increase the further in 
the development work the change performed (Özaksel, 2008). 

 

 
Figure 6.  The cost of rework increases exponentially in every phase. Source: (Özaksel, 2008). 

The cost of correcting an error in a requirement varies depending on the phase in which the error is 
detected. A study examined the naval construction process from design to implementation, with 
special emphasis on the role of design sharing and constructability. They concluded that increased 
constructability efforts and design sharing mitigate the impact of cost over-runs and project 
completion delays, and that its best to focus improvement efforts early rather than later especially 
when the resources are limited (Minami, Soto & Rhodes, 2010). The later the error is detected, the 
more expensive it is to address the error and more rework must be done (Love, Mandal & Li, H, 1999; 
Minami, Soto & Rhodes, 2010). Worst case scenario is if the error is detected in the last phase. In this 
case the whole manufacturing process must be repeated (Love & Sing, 2013).  

 

2.4 Characteristic of quality measurement  
Process quality is usually measured by effectiveness, efficiency and adaptability. A process is efficient 
when performance is maximized, and cost minimized. The process is adaptable when it remains 
effective and efficient in the face of the many changes that occur over time. (Juran & Godfrey 1999). 
As previously mentioned, there hasn’t been much focus on process quality in the past in shipbuilding. 
Because of this no previous measurement of process quality was found. As there is a need to decrease 
rework and delays, I am going to focus on decrease in quality which overlap with the notion of 
“adaptability”. By adaptability I mean the adaption to the changes such as occurrence of rework and 
delays. Quality will thereby be defined as no defects in products and no deviations in production 
processes. 

Performance measures are critical for driving and managing production improvements. As the 
shipbuilding industry hasn’t been focused on measuring performance which implies that driving and 
managing improvements cannot be done in the most efficient way. Performance measures can be a 
tool for translating strategies into desired behaviours and results, communicating these expectations, 
monitoring progress, providing feedback, and motivating employees (Muchiri & Pintelon, 2008).  
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Table 2. Examples of quality measurements in manufacturing. Simplified table from Defeo (2016) 
Subject Unit of Measure  

Quality of 
manufacturing output 

Percentage of output meeting specifications at inspection  

 Number of defects found in product audit (after inspection) 

 Amount of scrap (quantity, cost or percentage) 

 Amount of rework (quantity, cost or percentage) 

Quality of input to 
manufacturing  

Percentage of critical operations with certified workers  

 Percentage of specifications requiring change after release 

 

Quality‐based measures of performance focus succinctly on issues (see table 2). For example, the 
number of reworked units, the number of material inspections, the number of customer complaints etc. 
All of these represent non‐financial measures. Non-financial metrics are quantitative measures that 
cannot be expressed in monetary units (Juran & Godfey, 1999). OEE is an example of a non-financial 
measure. Although non‐financial such as OEE, measures are increasingly important in decision 
making and performance evaluation as non-financial data can provide indirect, quantitative indicators 
of a firm’s intangible assets (Saha, Syamsunder & Chakraborty, 2016). Typically, research efforts 
have focused on determining direct rework costs at the expense of indirect costs which remains 
relatively unknown (Love & Sing, 2013). However, non-financial measures can be better indicators of 
future financial performance as financial measures may not capture long-term benefits from certain 
decisions made in the present (O'Connell & O'Sullivan, 2014). Furthermore, copying non‐financial 
measures that others use may not work. Instead, the companies should link the measures to the factors, 
such as corporate strategy, value drivers, organizational objectives and the competitive environment 
(Juran & Godfey, 1999).  

Improvement activities are sometimes not initiated because the information is considered unreliable. 
Juran & Godfey (1999) believe that well-motivated estimates can be made when it’s not possible to 
obtain exact costs. Sometimes getting hold on exact cost are too time and resource consuming. In this 
case it’s better to do estimations than no measurement at all (O'Connell & O'Sullivan, 2014). 
Additionally, the implementation of a measurement system is not an action that is done one time and 
then only maintained. Improvements in measurement should constantly be done, as knowledge and 
resource increase and because companies are in constant change in different ways (Defeo, 2016). 

 

2.5 Challenges with quality measurement  
As the goal is to develop a new measurement, it seems appropriate to gather factors that can be 
challenging in doing this. First, regarding the fact that it will be a new measurement, the first 
implementation attempt for a measurement system is critical. Because if the first attempt fails, the next 
attempt is usually is met by internal resistance. Thus, employees will form a negative perception of the 
concept and may therefore not wholeheartedly participate in the continuous measurements (Juran & 
Godfey, 1999). This is relevant as Lean tools are usually not used in shipbuilding (Moura & Botter, 
2011).  

As mentioned, shipyards have a tradition of conducing shipbuilding as craft production. Changing 
demands on manufacturing and more stringent requirements on quality obligates shipyards to upgrade 
the production systems to more modern forms (Bruce, Garrard, 2013). As mentioned, in order to meet 
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these new demands modernizing work procedures and integrating modern management principles 
such as Lean is on the upcoming (Moura & Botter, 2011). Thus, it’s an ongoing process and not fully 
established yet. The fact that a process of change is in progress makes it harder to set a standard 
quality assurance procedure and measure quality. A process of change is likely to cause process 
deviations such as rework (Davenport, 1992). Any change in a process is involving some adaptations. 
An example in Davenport (1992) book called process innovation: page 167: “Organizational, not 
technical barriers present the major challenges in process innovation efforts. “I often get managers 
coming to me complaining about my inability to integrate the technology” explained the chief 
information officer of a large aerospace and defense contractor. “and I always tell them that if it is 
really important to them, I can get any two boxes talking to each other by next week. They just walk 
away because they don’t want to face the organizational issues.” 

The less modern form of production, craft production, relies especially on workers with advanced 
shipbuilding skills. These workers need minimal input from other departments such as design and 
other preparation departments. Emphasis is correcting the error and not so much on documenting it, 
measure and improve the process (Bruce & Garrard, 2013). Usually measurement systems are built 
where employees report shortcomings. These measurement systems can be fully customized or based 
on existing accounting systems. To establish a customized system could place a heavy time-related 
workload on the employees. Thus, it is important to make a balance between ease of use and workload 
depending on the situation (Juran & Godfey, 1999). Further, an essential point is the management's 
attitude and commitment to the quality work. It is important to actively encourage continued 
measurement, and at the same use the result of the measurement for continues improvement work. 
Otherwise, the risk is that the measurements subside with time as the employees doesn’t see the value 
in reporting and sees it as time-consuming work. Another aspect is that it can be daunting for the 
employees to report parts of their working hours as "quality deficiencies", as the concept itself can 
suggest that the employee should be eliminated. Therefore, it is important that the management acts in 
the form of various improvement activities, and that the employees gets educated about the real 
purpose of the measurements. The commitment of the top management as the most important aspect in 
order to achieve long-term quality work (Defeo, 2016). 

Some quality deficiency costs are easier to measure then others. As previously mentioned, costs in 
production are many times interpreted as the biggest problem area in an organization. Usually 
production-related costs are experiences easier to measure in comparison to official-related quality 
costs. However, research suggests that official-related quality costs are higher than quality cost in 
production (Crandall & Julien, 2010). When companies introduce new quality measurements it´s 
usually stated that the goal is to measure all functional departments with the same accuracy (Juran & 
Garrard, 1999). This indicates that its important define how officials-related quality should be 
measured in order to measure the overall quality correctly (Juran & Godfey, 1999).  As the flow of 
information has been found to be an important factor for process quality this is relevant as designers 
are working as officials. Rework is usually measured in production however as it has been indicated 
design-included error in production are the most common (Crandall & Julien, 2010). Further, it is 
often discussed which function should be charged in the accounting when a quality deficiency cost 
arises. There is one success recipe which is to quickly decide the cost distribution in the organization. 
It is important to distinguish between cost drivers and causes (Defeo, 2016).  

Lastly, it’s important to keep in mind that every business is different. The more advanced technology 
the higher quality deficiency costs. The point is that companies should not make comparisons as the 
nature of operations can create major differences in the measurement conditions and real quality 
deficiency costs (Juran & Godfey, 1999).   
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3. Research method  
 

3.1 Overview  
The goal was to find the issues of process quality during the development process of a hull section of a 

submarine. The focus is on process quality, and the activities that lead to the hull section. What I mean 

by activities, are the overall activities from a business perspective. For example, design related 

activities and production related activities. As explained by Bruce & Garrard (2013) all activities in 

shipbuilding has a direct or indirect effect on the quality of the product. This thesis is providing an 

assessment of the issues of process quality and a way to evaluate its optimization with a model I have 

come up with. In order to proceed to an optimisation model, one need to know which variables of the 

problem that needs to be dealt with.  

The main characteristics of ETO industries which is including the shipbuilding industry had to be 

reviewed. Due to the difference between the consumer-based industry and manufacturing process and 

the shipbuilding industry and navy special requirements, I found necessary to elaborate a case study 

thanks to a shipbuilding project in order to understand what the process quality really entails in this 

industry with the objective to gather a list of variables which are recognized to measure process 

quality. The case study investigation helped to collect empirical data and verify if those variables are 

corresponding to real quality requirements in the industry. This requirement gathering is impossible to 

achieve using preliminary research investigation. The objective of that method was to gather 

requirements for quality process evaluation. The method used to assess the quality process is done 

through the optimization method. 

 

3.2 Optimization and Simulation 
The meaning of optimization is to find the “best value”. To do this one need to define what is meant 
by the “best value”. “Best value” will be defined as a process with optimal flow of information, 
minimal rework and minimal delays. An objective also needs to be defined, that is a quantitative 
measure of process quality, and some process variables affecting the objective. When setting up an 
optimization problem it is also necessary to clarify what constraints the variables and objectives are 
subjected to. A large number of optimization algorithms can be applied to solve the optimization 
problem, all with different advantages and disadvantages depending on the current problem 
(Lundgren, Rönnqvist, Värbrand, 2010).  

Simulation in this thesis will refer to experimentation on mathematical models. However, other 
definitions can be found in the literature. A model is a simplified representation of a system; it can be 
either a physical or a virtual model. Virtual models can be mathematical models solved either 
analytically or numerically (Fu, 2015). Experimentation can enable good decisions by raising the level 
of knowledge about the studied system or process. ETO environments production introduces 
complexities in the quality processes involved in a manufacturing system (Mello, Strandhagen & 
Alfnes, 2015). Therefore, it’s harder to measure quality in such environment. However, measurements 
are necessary in order to gain knowledge for right decisions to be made (Defeo, 2016).  

With the use of mathematical models, the goal with optimization is to the find the best alternative and 
to get insight into the system that is being investigated. However, optimization models are also used 
for describing and analyse systems. The latter will be used in this thesis (Lundgren, Rönnqvist, 
Värbrand, 2010).  

Figure 7 shows the optimization process (Lundgren, Rönnqvist, Värbrand, 2010) adapted the specific 
purpose of the thesis. 
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Figure 7. The optimization process in this thesis (adapted from Lundgren et al. 2010) 

 

3.3 Data collection 
To collect data to find process quality factors, a total of five months was spent at Saabs Kockums in 

Karlskrona. The collection of information and data consisted in continuous interviews, observation 

and access to the firm’s database. This way it is possible to get a good understanding of what affects 

the process quality and what type of deviations that may occur in between the phases design, work 

preparation, production and verification which represent a simplified development process of the hull 

section. It allows me to get a greater understanding of the quality process necessary to design the 

essential variables that compose the optimization performed in this thesis. The observations at the case 

company was later compared with what was found in the literature review which gave an overall 

picture of the field. In addition to that, phone calls and e-mails were used to confirm the information 

obtained.  

 

The construct validity was obtained using multiple sources of data such as semi-structured interview, 

analysis of documentation and on-site observation. To compare different views, the interviews were 

carried out with managers across several departments including design, engineering, procurement, 

logistics, production and project management. This way, it was possible to gain understanding about 

the overall development process. The interviews were selected based on their experience with 

shipbuilding projects and three persons from each department was interviewed. This resulted in in 

total 18 interviews where each interview took 1 hour.  In order to avoid bias, data was cross-checked 

with interviews against project documentation and on-site observation. Schedules, drawings, 

specifications, standards and deviations reports were the main types of documentation used. On-site 

observation helped to contextualize the problems identified and make sense of their criticality.  

 
Understanding was gained initially through attendance at various meetings, in what is called 

participatory observation (Yin, 2009) to understand how Saab Kockums works with quality assurance 

and quality measures. Later, the specific problem areas of process quality were subsequently attacked 

by semi-structured interviews and informal conversations with key people. As shipbuilding is complex 

it took time and lot of questions to understand the overall flow. The main interest was to better 
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comprehend how to measure process quality and what should be considered. In the later part of the 

thesis focus was on investigating the corporate database system used to report product and process 

deviations, this way secondary data was collected. 

Due sensitivity of military industry real numbers are not possible to publish. All numbers used to 

calculate process quality has been developed in agreement with the supervisor at Saab Kockums.  

 

3.4 Data analysis 
To analyse the data and start developing a new quality measurement, first the indicators of process 
quality were summed in a table. Based on data from interviews together with the literature review, 
several factors were identified. The factors identified at the case company is presented in table 4.  
Factors found in the literature review are found in table 5. The two tables are greatly overlapping and 
confirming each other. Documentation analysis and on-site observation helped to confirm the 
occurrence of these factors.  

Identified deviations that can occur in between the phases representing the development process are 
presented in table 3.  

The objective of the analysis is to formulate an OEE optimization formula that fits the requirements of 
quality change in the submarine industry. The goal was to make the measurement applicable for the 
shipbuilding industry however the process quality factors was found mainly in theory about ETO 
industries. This was because it was hard to find theory specifically abound the shipbuilding industry. 
However, the relevance of the factors could be confirmed at the case study company. Also, this 
indicates the potential for extending the findings to other types of ETO industries (external validation) 
(Yin, 2009). 
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4. Case company  

The main project at Saab Kockums for the moment is the design and manufacturing of two submarines 
ordered by the Swedish government. The new submarines are well-developed models where a 
substantial amount of new technology and work procedures are implemented. The customized 
submarine answers the demands of the last and new technological requirements of the Swedish navy. 
Beside the last new technological implementations, all configuration of the construction must strictly 
comply with international regulations and standards. Regulations concerning shipping are developed at 
the global level (such as construction standards, navigational rules and standards of crew competence). 
The many requirements are part of the complexity in shipbuilding.  

The manufacturing of a submarine calls for professionalism and knowledge of numerous technical 
sectors. This highly skilled labor has to perform and understand design and construction solutions in 
compliance with the thus mentioned standards. As on all working sites, some issues to find the right 
production balance across the workforce who is “experimenting” the fabrication of solution and the 
learning of new specification for up-to-date materials and procedures. The challenge of the built is 
partly to develop new procedures and measure as the work unfold, of working with the 
implementation of new requirements and documenting them, when there is no existing benchmark to 
compare or previous examples to be inspired from. The combination of skills between high 
standardized requirements and new requirement development is taking some time that is always taking 
place in the building processes. 

The shipbuilding project comprises thousands of activities which are organized in different phases. 
Engineering and production are the two main activities of the working site. One of the parts that is 
built concurrently is the hull. In this thesis, I am concentrating on the development of the hull because 
it requires extra high quality to withstand harsh environment and water pressure and high dimensional 
accuracy in order to achieve the same quality when all hull parts are assembled. What makes the 
construction of the hull particularly challenging is the control of its development - notably, it's lead-
time. The only way to achieve that is to engage in engineering and production concurrently. However, 
in order to simplify the reality, in accordance with the optimization methodology, the process 
illustrated in figure 8 will be considered when developing the process quality measurement. Design 
(engineering) and production (construction) are two phases that have been identified in the literature 
reviews as having an impact on process quality, more specifically the flow of information between the 
phases (Moura & Botter, 2011). Work preparation and verification is added to get a complete picture 
of the flow at the site. For each specific part, such as the hull part for which process quality will be 
calculated, these phases are executed in the order presented and represents the overall horizontal flow 
in which the parts are realized. This is unless rework has to be done and there is a need to go back to 
previous phases.  

 
Figure 8. The phases which all parts go thru in order to be realized.  

The complexity and size of submarines and high variety of jobs also implies for a high variety of 
deviations that needs to be documented and stored in a useful way to enable follow-ups (Juran, 2016). 
The case company uses SS-EN ISO 9000:2005 definition of a deviation which is: “Non-fulfilment of a 
requirement”, which is interpreted as “A condition differing from an established state or condition as a 
standard, requirement, baseline or drawing”. The perception is that with regards to the fact that the 
submarines being produced are prototypes makes the definition of deviations harder to apply in 

Design
Work 

Preparation
Production Verification
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practice, thus establish states and standard conditions are not fully defined. This uncertainty may 
increase the risk for process deviations.  

In order to concretize and specify the different type of deviations that can occur in the process, they 
have been summed in table 3. The focus is on the exchange of information in the interface of these 
phases. 

Table 3. Different types of process deviations 

 Design⇆Work preparation                                                                                                              
- Insufficient material/documentation handed over from design department  
- Need to change constructional drawing because it is not possible to produce  

Work preparation ⇆Construction                                                                                                     
- Insufficient material/documentation to production from work preparation (for instance 

wrong working method) 
- Production didn’t follow the constructional drawings/information- need for new 

documentation   
Design⇆Work preparation ⇆Construction                                                                                       

- Insufficient material/documentation from design department  
- Changing constructional drawing because it is not possible to produce (for instance because 

of tolerances) 
- Changing of constructional drawing because it was produced differently in the production 
- Changing constructional drawing because it was not possible to assembly  

Work preparation ⇆Construction⇆Verification                                                                               
- Control found an error that need to be reworked and new documentation from work 

preparation is needed  
Design⇆Work preparation ⇆Construction⇆Verification                                                                 

- New constructional drawing, production and verification need to be repeated 
- Not possible to conduct verification because of construction  
- Customer requirements not fulfilled because of constructional error 

 
 
Information about deviations are handled in a quality management system. The system is mainly used 
to handle deviations detected in the production phase. The goal is to measure the deviations as Quality 
Deficiency Cost (QDC) which is by the case company defined as ”The cost that occurs when products 
or processes do not, partly or entirely, fulfil the requirements”. Further, the purpose of monitoring 
QDC is to locate their origins, in order to make appropriate corrective and preventive actions. Other 
than there is no clear definition on which cost should be included, and it up to every project to decide. 

First time though (FTT) is a quality measurement recently introduced at the case company. It’s 
calculated by summing the number of times a work-card is successfully conducted the first time. The 
work card is written by the preparatory department and handed out to the production leaders and 
contains all necessary information that the workers needs to accomplish a given task. 

Below is a summary of the observations, documents and interviews at the company. The main factors 
that affects process quality is presented. This is what will be considered in the new quality 
measurement.  
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Table 4. Factor affecting process quality 

Factor Quotation Confirmation with theory Confirmation at case 
company 

Horizontal 
organization  

“Cross-functional 
departments, ensures 
working towards the 
same goal” 

Horizontal organization is 
beneficial for achieving 
process quality (Defeo, 
2016) 

Documentation: Re-
organization  

Drawing 
revisions   

“Ideally online 
drawings would be 
used as they are 
updated all the time” 

Many drawing revisions 
are typical for complex 
technological project 
(Mello, Strandhagen & 
Alfnes, 2015) 

Documentation: Quality 
management system 

Requirements 
management 

“There are many 
requirements that need 
to be coordinated in the 
development of the 
submarines” 

Requirements are the initial 
phase which affects the rest 
of the process (Bruce & 
Garrard, 2013) 

On site observation: 
Attending meeting about 
requirements 
management  

Time to find and 
correct errors  

“The sooner the error is 
detected the better” 

The later an error is 
detected the bigger cost 
(Love & Sing, 2013) 

Documentation: Errors 
found in production that 
originally came from the 
design department  

Information 
flow 

“Shipbuilding consists 
of many interdependent 
activities. The flow of 
information needs to be 
smooth” 

Information of flow is 
crucial to reduce rework 
(Bruce & Garrard, 2013) 

Documentation: 
Overlapping activities, 
concurrent engineering   

Visibility of the 
processes 

“It’s important for us to 
have a good 
information loop from 
production to 
designers” 

Many phases are 
interdependent, especially 
engineering and production 
(Hicks, Mcgovern & Earl, 
2001) 

On site observation: 
Designers attending 
production-meeting 
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5. Result  
  

5.1 Process quality factors  
The focus on a hull section was determined before the literature review was complete. It seems like a 
hull section was the right choice as process quality in the life cycle of a hull seems to be especially 
important because of the need for dimensional accuracy as well as high and even quality (Bruce & 
Garrard, 2013). Furthermore, process quality is extra important when building ships as each part is 
manufactured separately and later assembled together. When assembled it must fit perfectly as there is 
many parts that is depended on each other in order to achieve the quality required (Bruce & Garrard, 
2013).   

Further, the literature review implies that delays and rework affect the performance and efficiency of 
the project (Abdul-Rahman, 1995; Botter and Mouras, 2017). Thus, the process quality will be 
affected as quality is measured as performance in manufacturing industries. The flow of information is 
also found to be crucial for process quality in ETO industries. For example, Botter and Mouras (2017) 
paper finds that a key factor in shipbuilding is the flow of information on the sites. An insufficient 
flow of information increases rework. The theory also implies that the flow of information between 
production and engineering/design department is especially important to consider as these two phases 
are highly interdependent (Mello, Strandhagen & Alfnes, 2015). The exchange of information is high 
between these two phases and a lack of coordination can be the cause of rework.  Production and 
engineering (will be referred to as design) is two main phases that need coordination in shipbuilding 
projects (Hicks, Mcgovern & Earl, 2001). 
 
The research also shows that it is important to consider when the error is detected. The later it is 
detected the more costly it gets, and the more phases are involved in having to do rework. Thus, late 
changes in the process of making the product have a higher impact on the efficiency of production 
(Love, Mandal & Li, 1999; Stavrulaki and Davis, 2010).  

Lastly, it has been important to understand that Lean and Lean tools are not something that is common 
the shipbuilding industry, it is rather something that is on the upcoming (Oliveira & Gordo, 2018; 
Minami, Soto & Rhodes, 2010). The main goal to introduce Lean in shipbuilding is to increase quality 
and cost efficiency (Bruce & Garrard, 2013). Its clear based on the literature review that cost is highly 
related to quality, whenever quality is mention so is cost (Defeo, 20156). Therefore, it’s necessary to 
make a connection between cost and quality in the model. A relevant finding is that the cost increases 
exponentially for every phase (Özaksel, 2008) and that it's worth making indications when it’s not 
possible to find exact costs (O'Connell & O'Sullivan, 2014). Especially in the case with rework is 
largely a hidden cost (Dale, Reid & Bamford, 2016). According to Love et al. (2008) the reason why 
there is uncertainty about rework cost is because it is not prioritized by the company to measure it. 
However, the literature review also implies that official related quality costs are harder to measure 
(Juran & Godfey, 1999). As most rework is design-included and increases with the interdependency 
between engineering and production (Fayek, Manjula & Oswaldo, 2004) it means that it is office 
related costs.  

Finally, from the factors affecting the quality process (as in table 4), I have identified seven 
interdependent factors and other relevant findings found in the literature review which will be 
considered for making a new measurement (presented in table 5). Comparing table 5 to table 4 it’s 
clear that, all factors identified at the case company was confirmed with the theory. “Flow of 
information” (Table 5) is interpreted to include” horizonal organization” and “drawing revisions” 
(table 4). “Visibility of processes” (table 4) is included in “overlapping of engineering and production” 
(table 5), meaning the interface between the two identified phases. “Requirements management” (table 
4) is however not considered in table 5. How the requirements affect process quality is something that 
has not been focused on in the literature review. Interpreting the costumer’s requirement is a part of 
the shipbuilding development process (Lamb, 2003; Storch et al., 2007). However, as focus has been 
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on internal process quality factors, the interface between the costumer and the company is out of scope 
for this study.  

Table 5 also explains how the factor will be incorporated in the new measurement. Some factors will 
be measured in hours, other in the amount of times they occur. Some factors will be taken into 
consideration by introducing a severity factor. This will be explained in the interpretation of the 
quality factor (5.3.1 Quality) 

Table 5. Factors to consider when measuring process quality in ETO industries  
Factor identified  Comment Sources  Measurement  
Rework Rework is a common 

problem because of the 
complex nature of 
ETO project. Increases 
delays  

Abdul-Rahman, 1995, Botter 
and Mouras, 2017, Bruce and 
Garrard, 2013, Fayek, Manjula 
& Oswaldo, 2004, Hicks, 
Mcgovern & Earl, 2001, Love, 
& Sing, 2013, Mello, 
Strandhagen & Alfnes, 2015, 
Stavrulaki and Davis, 2010 
 

Amount (#) 

Delays Delays is a common 
problem and affects 
the performance of the 
project   

Fayek, Manjula & Oswaldo, 
2004, Hicks, Mcgovern & Earl, 
2001, Love, & Sing, 2013, 
Mello, Strandhagen & Alfnes, 
2015, Stavrulaki and Davis, 
2010 
 

Time (h) 

Flow of 
information 

Bad flow of 
information increases 
rework and delays  

Botter and Mouras 2017, Fayek, 
Manjula & Oswaldo, 2004, 
Stavrulaki and Davis, 2010 
 

- 

Overlapping of 
engineering and 
production  

Overlapping of these 
two phases is part of 
the complexity that 
makes it harder to 
have high process 
quality 

Abdul-Rahman 1995, Bruce and 
Garrard, 2013, Fayek, Manjula 
& Oswaldo, 2004, Hicks, 
Mcgovern & Earl, 2001, Love & 
Sing, 2013, Mello, Strandhagen 
& Alfnes, 2015 
 

- 

At what point in the 
process the error is 
detected  

The cost is higher 
when the error is 
detected late in the 
process  

Defeo, 2016, Love, Mandal & 
Li, 1999, Stavrulaki and Davis, 
2010, Love & Sing, 2013, Bruce 
& Garrard, 2013 
 
 

Severity degree 

Cost indications  Cost and quality are 
highly related. When 
it’s not possible to 
access real cost 
indications can be 
made. Rework requires 
estimations. 

Saha, Syamsunder & 
Chakraborty, 2016 
O'Connell & O'Sullivan, 2014; 
Dale, Reid & Bamford, 2016; 
Love et al. 2018 
 
 

Severity degree 

Measured in issues  Quality is usually 
measured in issues  

Defeo, 2016, Juran & Godfrey, 
1999 
 

# amount of 
rework 
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5.2 The model of the new measurement   
The “real problem” was simplified by focusing on measuring process quality level of the process of a 
hull section through four phases/departments; design, work preparation, construction and verification. 
I include design and production since those factors are identified to affect process quality. The other 
two phases; work preparation and verification are relevant in the case company and the four phases 
represents the overall horizontal flow in which all products/parts are realized.  

Figure 9 is inspired by figure 2 which illustrates OEE where the total available time is reduced by 
breakdowns, set-up and other adjustments, quality losses etc. Similar to this process, quality is reduced 
by process deviation which require rework and cause delays. This is illustrated with the help of 
different degrees of warning colours; yellow, orange and red illustrates that the later an error is 
detected the worse it is. For example, the worst-case scenario is a probome in the original design 
meaning that it will bring extra costs due to the re-designing of labour phases involved in rework. 

 

  
Figure 9. The flow at the site. If rework occur the process has to back to previous phases and do 

another loop in the development process. 

The green arrows represent a perfect flow of information, output and input. It means that planned 
activities have been performed right the first time and no rework has been necessary. The yellow, 
orange and red arrow means that rework must be done. The longer the arrows are the more phases are 
involved in resolving the error. Thus, this is the way “the point in the process is detected” is 
considered. In ideal case a correct constructional drawing meeting all the requirements are handed to 
work preparation who prepares correct and complete information handed over to production who 
produced the right thing the right way and verification confirms that the product meets all the 
requirements.  

To further clarify the meaning of the arrows and colours in figure 9 I distinguish five different “types” 
of rework. These are the same possible process deviations previously identified in table 3. As a central 
factor of process quality has been identified to be rework, there process deviations will now be called 
“rework types”. The table below lists the rework types considered in the calculating process quality 
and the colours reflects the colours in figure 9. Thus, some rework types are “worse” than others. 
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Table 6. Different types of rework 
 Design⇆Work preparation                                                                                                             (1) 

- Insufficient material/documentation handed over from design department  
- Need to change constructional drawing because it is not possible to produce  

Work preparation ⇆Construction                                                                                                    (2) 
- Insufficient material/documentation to production from work preparation (for instance 

wrong working method) 
- Production didn’t follow the constructional drawings/information- need for new 

documentation   
Design⇆Work preparation ⇆Construction                                                                                      (3) 

- Insufficient material/documentation from design department  
- Changing constructional drawing because it is not possible to produce (for instance because 

of tolerances) 
- Changing of constructional drawing because it was produced differently in the production 
- Changing constructional drawing because it was not possible to assembly  

Work preparation ⇆Construction⇆Verification                                                                              (4) 
- Control found an error that need to be reworked and new documentation from work 

preparation is needed  
Design⇆Work preparation ⇆Construction⇆Verification                                                                (5) 

- New constructional drawing, production and verification need to be repeated 
- Not possible to conduct verification because of construction  
- Customer requirements not fulfilled because of constructional error 

 

 

5.3 Overall Process Quality Efficiency  
OPQE is the new process quality measurement developed in this thesis. Inspiration for OPQE comes 
from OEE. OEE is the result achieved by multiplying three factors, availability, performance and 
quality. Because of the quality focus of the thesis OPQE focuses on the quality factor, however 
interpretation of the factors availability and performance are given in the table above. All factors are 
indirectly included in the OQPE formula. Interpretations of original OEE factors are presented in table 
6. The OQPE formula is presented at the bottom of this subsection. First, the interpretation of each 
factor will be explained.  
 

𝑂𝐸𝐸 = 𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 × 𝑃𝑟𝑒𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 × 𝑄𝑢𝑎𝑙𝑖𝑡𝑦                (1) 

 

Table 6. Interpretation of OEE factors 

 Classic OEE OPQE 
Quality losses Defects 

Start-up 
 

Process defects will be 
considered as the occurrence of 

rework 
   
 Reduced speed Exceeding planned project 

Performance losses Abnormal production 
Stop losses 

 

time 
 

Availability losses Process failures 
Equipment breakdown 

Setup/Adjust 

Process failures requiring 
rework which makes the 

process less available 
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5.3.1 Quality 
Quality (Q) in OEE formula indicates the proportion of defective production to the total production 
volume. Quality (Q) is calculated using the Nakajima’s (1988) equation presented as follows:  

 

                                   𝑄𝑢𝑎𝑙𝑖𝑡𝑦 (𝑂𝐸𝐸) = 𝐼𝑛𝑝𝑢𝑡 −
𝑉𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑞𝑢𝑎𝑙𝑖𝑡𝑦 𝐼𝑛𝑝𝑢𝑡

𝐼𝑛𝑝𝑢𝑡
           (2) 

 

In OPQE quality will be interpreted as process deviations which require rework. Rework will be 
measured in issues. Thus, the number of times each identified rework type occurs (table 6). As 
previously mentioned, quality in this thesis as no defects in products and no deviations in production 
processes. 

The later a non-conformity/error is detected, and the more phases involved in having to do rework the 
less degree of process quality. This will be shown by introducing a severity factor for each type of 
rework. Theory indicates that the cost rises exponentially for each phase when non- conformity 
specifications remain undetected. Thus, the cost rises 10 times for each phase (Özaksel, 2008). The 
four phases indicate the difference between the “worst” type of rework (severity factor 10−1) and the 
least serious (severity factor 10−5) is 104 times.  

The most serious form of rework (5) will generate the highest cost, thus 1% of the total budget. 1% is 
an assumption made together with the company supervisor. It was not possible to access these 
numbers at the case company. Furthermore, OEE is not a financial measure and real costs are not 
supposed to be included (Saha, Syamsunder & Chakraborty, 2016). The main purpose with the 
severity factor is to show that errors detected late in the development process will have a greater 
impact on the budget. Additionally, the severity factor will work as an indication of cost where the 
ratio between the different rework type is accurate. 

 

Table 7. The severity factors 
Rework type 
from table 6. 

Severity factor 
𝒔𝒊 

1 10−5 
2 10−4 
3 10−3 
4 10−2 
5 10−1 

 

Based on the above the formula for quality in OPQE is as following. 

 

                     𝑄𝑢𝑎𝑙𝑖𝑡𝑦 (𝑂𝑃𝑄𝐸) = 1 + ∑ (𝑠𝑖 ×5
𝑖=1 𝑟𝑖)                 (3) 

Where s is the severity factor, r is the amount of rework and i is the type of rework which there are 
five of.   

 

This formula can also be illustrated in a graph as each type of rework will create a linear formula. 
When everything is put together the exponentially is shown. This way it’s possible to visualize the 
amount of rework over time. 
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Figure 10.  Illustration of the exponentially of the OPQE formula  

An important characteristic that should be noted is that the quality concept, as defined by Nakajima 
(1988), only involves defects that occur in that designated stage of production, usually on a specific 
machine or production line and not elsewhere. OPQE measures different type of deviation of different 
severity degree, in different stages of the process.  

 

5.3.2 Availability 
The availability factor measures the total time that the system is not operating because of breakdowns, 
set-ups, adjustments and other stoppages (Jonsson and Lesshammar, 1999). It is traditionally 
calculated using the Nakajima’s (1988) formula presented below. 

 

𝐴𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒−𝐷𝑜𝑤𝑛𝑡𝑖𝑚𝑒

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑡𝑖𝑚𝑒
                                         (4) 

 

If no rework occurs the original process is 100% available. In this sense the interpretation of 
availability is included in the interpretation of quality. This also overlap with the notion of 
“adaptability”., which was interpreted as the adaption to the changes such as occurrence of rework and 
delays.  The process is better adapted to rework of a lower severity degree than of a higher, as the 
lower on affects process quality less.  

 

5.3.3 Performance  
Performance rate can be calculated in a number of different ways (Muchiri & Pintelon, 2008). 
However, Nakajima (1988) measures a fixed amount of output, and in his definition of “performance”, 
it indicates the actual deviation in production, measured in time, from the ideal cycle time. Thus, this 
part of the formula is focused on time.  The interpretation of performance in this thesis is similar to 
Nikaima (1988) and will refer to the identified process quality factor “delays”. The difference is that 
Nakajima’s definition only concerned production. In the four phases model, we cover the overall 
process including production. Thus, the delay in focus will be the overall delay over all four phases. 
This is to point out that the focus is not on production but on the whole horizontal process. The 
performance interpretation is presented below.  

 

                  𝑃𝑟𝑒𝑓𝑟𝑜𝑚𝑎𝑛𝑐𝑒(𝑂𝑃𝑄𝐸) =
𝑡𝑝+𝑡𝑑

𝑡𝑝 
                             (6) 
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5.3.4 OPQE 
The formula for process quality (OPQE) looks as following.  

                            Table 8. OPQE variables  
Variable   

𝑠𝑖 Severity degree 𝑖, 

𝑖=1,2,3,4,5 

𝑟𝑖 Amount of rework of type 𝑖 

, 𝑖=1,2,3,4,5 

𝑡𝑝 Time planned  

𝑡𝑑 Time delay 

 

𝑂𝑃𝑄𝐸 =
𝑡𝑝 + 𝑡𝑑

𝑡𝑝 
∗ 1 + ∑(𝑠𝑖 ×

5

𝑖=1

𝑟𝑖)  

The optimal OPQE is one (1*1) which is achieved when no deviations, error or rework occur. The 
bigger OPQE is the less process quality. This is supposed to be interpreted as exceeding the planned 
budget and time. Therefore, the goal is to keep OPQE as close to one as possible, which is in line with 
OEE which is also optimally 1. Unlike OEE, OPQE cannot be less than one. If the product is finished 
within the planned hours and no rework occurs OPQE is equal to 1.  

The goal was to measure the process quality of a hull section. More specifically the rework types and 
possible delays are supposed to be measured in the development of a hull section.  However, the real 
numbers cannot be presented in this thesis due to sensitivity prevailing in shipbuilding industry. 
Because of this a baseline example will be presented. What can be confirmed from the case study is 
that rework type 1 was the most common. This is in line with the theory (Fayek, Manjula & Oswaldo, 
2004, Hicks, Mcgovern & Earl, 2001, Love & Sing, 2013) which concludes that engineering and 
design-included rework are the most common in complex technological projects. Additionally, the 
occurrence of rework type 5 was zero for the hull part in question. Below is the baseline example.  

Table 7. Baseline example.  
Case 1: Baseline Amount 
Planned hours  50 000 h 
Exceeded hours  5 000 h 
Budget 10 0000 SEK 
Rework type 1 50 
Rework type 2 18 
Rework type 3 16 
Rework type 4 6 
Rework type 5 0 
Sum rework 90 

 

𝑂𝑃𝑄𝐸 =
𝑡𝑝 + 𝑡𝑒

𝑡𝑝 
∗ 1 + ∑(𝑠𝑖 ×

6

𝑖=1

𝑟𝑖) =  

 
50 000+5 000

50 000
× (1 + ( 10−5 × 50 +  10−4 × 18 + 10−3 × 16 +  10−2 × 1 + 10−1 × 0) =  
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1,1 × 1,0283 = 1.03113 

 

Assuming that the budget is 1 000 000 000 (1 billion) SEK means that an increase of 0,283% gives a 
total cost of 28,3 million SEK. Thus 28,3 million SEK is the indication-cost of rework in comparison 
with the estimated budget. Further, the calculation shows that the time has been exceeded with 10 
percent and that OPQE equals a value of 1,03113.  
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6. Analysis and discussion 
Now that OPQE has been developed and all quality factors has been included, the new developed 
formula will be examined further in order to understand how the formula works and what information 
it gives. The focus of the analysis will be on ratios rather than on the numbers and will proceed from 
the baseline example.  Thus, examples will proceed from a budget of 1 billion SEK.   

Figure 11 is an example which shows that 10 000 reworks of type 1 is equal to a single occurrence of 
rework type 5. They both affect the budget with 1%.  

 

Figure 11. Rework type 1 in comparison to rework type 5.  

It may be contradictory to why cost efficiency is so important for shipbuilders as it is an ETO industry 
meaning that they have very specific costumers ready to pay a high price for the product or in this case 
the submarines.  This is explained by the fact that businesses, including shipyards, are becoming more 
global and that there is an interest in doing international business (Bruce & Garrard, 2013). Further, 
one percent might seem little, but this generates a lot of money when the budget is big. If the budget is 
1 billion SEK, 1% will generate 10 million SEK. The public budget for the two submarines developed 
at Saab Kockums is 8,2 billion (Svenska Dagbladet, 2015). 

Further, the effect of design changes is worth investigating as the literature review suggest that it is the 
main cause of rework in shipbuilding projects. Fayek, Manjula & Oswaldo (2004) investigated 108 
rework incidents in a construction project. Let’s assume that the goal is to not exceed 108 reworks and 
not to exceed 20% of the planned time based on a case study in a shipbuilding industry mentioned in 
the literature review (Mello, Strandhagen & Alfnes, 2015). Thus, the new constraints are;  

 
𝑟𝑖 ≤ 108, 𝑖 = 1,2,3,4,5 

1 ≤ 𝑃𝑟𝑒𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 ≤ 1,2 

 

108 − 90 = 18, 18 is additional reworks compared to the baseline example. According to theory its 
most likely that these are design-included. Of the identified rework types it is 1, 3 and 5 that are 
design-included. Based on OPQE formula it’s optimal that the 18 additional reworks are of type 1. 
However, if the error isn’t detected as early in the process as optimal the reworks might be of type 3. 
The rework could of course be a mix of type 1 and 3. However it’s easier to analyse the extremes, 
therefore OPQE will be calculated for when the 18 additional reworks are either of type 1 or 3, to 
compare the difference. As rework type 5 didn’t occur in the process of the hull part investigated, it 
may imply that this type of rework isn’t very common. Therefore, it will be assumed that additional 18 
reworks are not of type 5.  

Below are the additional two cases and further bellow a summary of all three examples, including the 
baseline example.  
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Table 8. Case 2. 
 Case 2 Amount 
Planned hours  50 000 h 
Exceeded hours  26 % of planned hours 
Budget 10 0000 SEK 
Rework type 1 50+18=68 
Rework type 2 18 
Rework type 3 16 
Rework type 4 6 
Rework type 5 0 
Sum rework 108 

 

𝑂𝑃𝑄𝐸 =
𝑡𝑝 + 𝑡𝑒

𝑡𝑝 
∗ 1 + ∑(𝑠𝑖 ×

6

𝑖=1

𝑟𝑖) =  

 
50 000×1,26

50 000
× (1 + ( 10−5 × 68 + 10−4 × 18 +  10−3 × 16 + 10−2 × 1 + 10−1 × 0) =  

1,2 × 1,02848 = 1.034176 

 

Table 8. Case 3. 
Case 3 Amount 
Planned hours  50 000 h 
Exceeded hours  26 % of planned hours  
Budget 10 0000 SEK 
Rework type 1 50 
Rework type 2 18 
Rework type 3 16+18=34 
Rework type 4 6 
Rework type 5 0 
Sum rework 108 

 

 

𝑂𝑃𝑄𝐸 =
𝑡𝑝 + 𝑡𝑒

𝑡𝑝 
∗ 1 + ∑(𝑠𝑖 ×

6

𝑖=1

𝑟𝑖) =  

 
50 000×1,2

50 000
× (1 + ( 10−5 × 50 +  10−4 × 18 + 10−3 × 34 +  10−2 × 1 + 10−1 × 0) =  

1,2 × 1,0463 = 1.05556 

 
Table 9. Summary of the three cases  

 Quality/availability Performance OPQE 
Case 1: Baseline  1,028 1,1 1.031 
Case 2 1,028 1,2 1.034 
Case 3 1,046 1,2 1.056 
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Compared to the baseline where OPQE= 1.031, case 2 doesn’t have a very different value. This might 
imply that the severity degree factors are too low. To investigate how much each identified rework 
type costs in average was out of scope for this thesis. An average cost value for the five rework types 
could not be generated in order to verify the relevance of the severity factor.  

However, the relatively small difference in OPQE gives noticeable difference in monetary values. The 
difference in rework cost is  1,0463-1,02848 = 0,01782 ≈ 1,8% which gives 17,8 million SEK in 
comparison to the budget. If the severity degrees were higher the cost indication would probably not 
be as relevant. Furthermore, OEE is an originally non-financial measure and so is OPQE. However, as 
the literature addresses, quality is related to cost. Therefore. rework was linked to a cost indication. A 
concern is that OPQE might be interpreted as a financial measure. Therefore, it’s important to clarify 
that OPQE shows that different types of rework affect the budget differently however not exactly how 
much. As mentioned previously, the severity factor is also meant to indicate hidden quality costs and 
the fact that they are larger when errors are undetected for a longer time period. For comparison of 
different OPQE values it is most important that ratios are always the same in order to be comparable, 
more specifically that the same severity factor is always used.  

The main delimitation to this work is that a completely new measurement has been developed and 
there are limitations in making comparisons. For instance, it’s hard to tell if an increase of 18 reworks 
results in a 10 percent increase of planned time and if a total of 108 rework incidents are reasonable. It 
is also clear that all the factors are interdependent. An increase in rework will most likely increase 
time and cost. The literature review indicates that delays and rework are important measures for 
efficiency as they cover both the extra time and the extra resources required (Mello, Strandhagen & 
Alfnes, 2015). Thus, to get a better performance measure it should include more than just the extra 
time in addition to planned time. Extra time is included in quality deficiency costs. Therefore, QDC 
will give a better overall measurement of performance. Extending the interpretation of performance to 
include other cost in addition to extra time, and preferably all extra costs of quality, will make the 
quality part of OQPE a more relevant indication for hidden costs. Further, rework is a part of the 
hidden in-house quality cost (Dale, Reid & Bamford, 2016) and there is a lot of uncertainty about how 
much rework really costs (Love et al. 2018). If as much as possible “visible” costs are included in the 
performance part of OPQE, the quality/availability part will indicate the hidden costs that cannot be 
captured otherwise.  

Another concern is the actual measuring. As mentioned in the literature review the shipbuilding 
industry has traditionally been a craft production- type of industry and focus has been on correcting 
rather than measuring and improving (Bruce & Garrard, 2013). OPQE demands that the whole 
organization reports rework when it occurs. But who will use the measurement? As OPQE measures a 
process from a business perspective it will probably mainly be useful for top management. The risk is 
that the other departments won’t see the value in measuring. Another thing that can happen, is that 
some departments report more rework that others. As implied by the literature review rework that 
occurs in production is easier to distinguish than office related rework (Defeo, 2016). 

However, all quality measurements usually pay of long term (Defeo, 2016). In the moment of 
measuring they not “useful” and no improvement activities can be put in before the measurement is 
completed, in this case before the hull section is completed. This is probably an explanation to why 
measuring is only one part of Leans PDCA-model. The measurement on its own is not enough, the 
other steps has to be completed as well.  

Lean improvement methodology, PDCA model clearly shows how measurement is a part of improving 
and how it relates to the other steps (Plan, Do and Act). What is meant by “improving” is by Lean 
theory understood as “minimize quality shortage costs and activities that are not bringing values to the 
company” (Blücher & Öjmetrz, 2007; Juran & Godfrey, 1999). Further, the purpose of the thesis was 
to find out what affects the quality in terms of a Lean process and then to measure the level of process 
quality. This is achieved by OPQE based on the following; 

• OPQE captures the costs of rework with the help of the severity factor. 
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• OPQE captures unnecessary activities as rework caused by insufficient flow of information 
and that causes delays. If rework did not occur more time could be spent on activates that 
create value for the customers (Näslund, 2008) 

 

The development of OPQE conforms that the factors quality, availability and performance are easily 
adaptable. Even though it was frequently stated in the theory that OEE was mainly for the mass-
producing industries, the interpretations of the factors did not differ very much from the original 
interpretation. This may be an implication that other Lean tools and strategies can be implemented in 
the shipbuilding industry. However, this study also shows that it is important to adapt the tools. It’s 
clear that the original interpretation, more specifically the formulas would not suit this specific case as 
it does not consider the specific process quality factors identified in this thesis.  

Gaining understanding about process quality in the industry was mainly based on theory about ETO 
industry. First, this shows that finding theory about the shipbuilding industry is difficult. Further this 
may affect the process quality factors identified. However, as the chosen focus was from business 
perspective and the case study confirmed the factors, it increases the possibility that they are correctly 
identified. The literature study also implies that process quality is something that other industries as 
well as the shipbuilding industry, need to focus more on. First of all, other ETO industries (Fayek, 
Manjula & Oswaldo, 2004; Hicks, Mcgovern & Earl, 2001; Love, & Sing, 2013; Mello, Strandhagen 
& Alfnes, 2015; Stavrulaki and Davis, 2010). But also, industries in general as implied by Defeo, 
2016. Considering that the factors quality, availability and performance and process quality are so 
fundamental it may imply that OPQE can be used in all industries to measure the overall process 
quality, from a business perspective. OPQE is a way to concretize the main problems that ETO 
industries are experiencing and putting them into a measurement.  
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7. Limitations, future work, conclusion and recommendations  
 

7.1 Limitations 
The limitations of this work are the following: 

• Limited theory about rework  
• Limited data to present  
• No measurements to compare with 
• Quantifying, evaluating, identifying rework 
• Rework is measured only between phases 

 

The main limitation of the thesis is that theory about the amount of rework that “usually” occurs 
specifically the shipbuilding industry was limited and the fact that this data was not fully accessible at 
the case company. Most of the data were deviations detected in the production phase. This is in line 
with the theory that suggest that quality deviations and rework are usually measured in production 
rather than in other support functions (Defeo, 2016). Further, the deviations are reported in text form 
and interpretations had to be made in order to determine where the error originally came from. For 
example, if it came from design or work preparation. The issue is that the amount of rework directly 
impacts the OPQE value. The more rework, the bigger OPQE value. Consequently, it cannot be 
determined if the values obtained are in a reasonable range. Further, there were no other process 
quality measurements found to compare with.  

Much suggest that the concept developed, the new measurement and the process quality factors 
identified are relevant because they could be confirmed in both theory and in a real case. However, the 
model couldn’t fully be tested as real data was not accessible to the extent necessary. However, even if 
all information and data was available it might wouldn’t be enough because quantifying, evaluating, 
and identifying rework is hard, especially in the early phases of the development process and because 
it is a hidden quality cost (Love et al. 2018). 

Another important limitation with the model specifically is that OPQE measures rework in between 
phases. However, rework can occur within the phases as well.  The principle that has been followed is 
that rework becomes more costly the later it is detected and the more phases that are involved. 
Therefor it was first necessary to define the phases and then the rework types that are relevant to the 
specific process. Thus, not including more types of rework was rather a delimitation made in order to 
focus on the overall process quality and what defines it, from design to verification.  

 
7.2 Future Work 
OPQE model is a valid starting point for measuring process quality in the shipbuilding industry. 
However, regarding the fact that it is newly developed and not fully tested a natural suggestion for a 
further work is to continue develop, examine and test OPQE. The quality factors have been identified 
however the study has raised some new questions:  

• How much rework does really occur among offices compared to production in ETO projects?  
• Are the cost indications reasonable and relevant? 

The main information missing to test OPQE is the amount of rework. OPQE measure rework thru a 
“big” process from a business perspective. A suggestion would be to focus future studies on 
determining how much rework occurs in office- related functions and how much does that type of 
rework really costs. How should rework in early phases such as the design phase be measured? How to 
make these types of rework more visible as they are in the production phase?  
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Further, cost indication was made as it was stated that the relationship between process quality factors 
and cost was going to be studied however determining the cost of rework was out of scope for this 
thesis. A suggestion would be to gather the rework of different types identified together with their cost 
and calculate an average value to see if the ratio is exponential as suggested in OPQE. This implies 
doing another case study and access to a similar shipbuilding project.  

 

7.3 Conclusions  
In order to develop OPQE, Overall Process Quality Efficiency, I identified factors that affects process 
quality. The three main interdependent factors that affects process quality are rework, delays and the 
flow of information.  

OPQE captures the occurrence of rework and delays in the shipbuilding industry that defines the 
quality evaluation metric. High process quality is achieved by an effective information flow between 
departments. An optimal process has zero rework and zero delays and an OPQE value equal to 1. In 
order to achieve this information is passed successfully from one phase to another without going back 
to previous phases.  

Further, OPQE captures the hidden costs of rework with the help of the severity factor. It shows that 
there is a need to focus on minimizing rework coming from the early phases of the development 
process because it has the biggest negative impact on process quality. An error detected late affects 
process quality negatively since it is less detectable later on and consequently increases cost for fixing 
the errors. OPQE helps organizations to see the overall flow and to focus more on the early phases 
such as design in order to improve process quality and become more cost efficient.  Also, I found that 
design-included rework is the most common in the shipping industry. OPQE model specifies how 
much of the deviations are design-included and how it affects the process quality.  
 
Overall process quality has been found to be highly relevant for ETO industries because of the 
frequent occurrence of rework and delays due to the complex nature of these projects. OPQE is 
adaptable for all products realized at the site. The model will therefore enable relevant comparisons 
which is important when measuring quality. For example, the development of one hull section will be 
comparable to the development of another hull section.  Further OPQE will indicated the level of 
process quality and make it possible to set process quality goals. Improving quality is the ultimate goal 
with measuring quality.  

 

7.4 Recommendations  
Include QDC                            

The QDC definition used by Saab Kockums is; ”The cost that occurs when products or processes do 
not, partly or entirely, fulfil the requirements”. This definition emphasizes the extra cost that occurs 
when the work isn’t realized as planned. The definition used by the case company clearly includes all 
cost of rework including the delays.  

In case company relevant QDC should include; facility cost, working hours, material cost and machine 
cost and other extra costs. However, if these costs are hard distinguishing, or too time consuming to 
identify, it’s important to remember that well-motivated estimates can be made (Juran & Godfey, 
1999). It’s better to do estimations than no measurement at all (O'Connell & O'Sullivan, 2014).  

 

Have a product responsible  
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The literature review indicates that the coordination between engineering and production has a great 
impact on process quality. These two phases are the hardest to coordinate as they are overlapping in 
many ways. Additionally, the interdependency increases with time which increases the risk for rework 
(Hicks, Mcgovern & Earl, 2001; Mello, Strandhagen & Alfnes, 2015).  

This of course puts emphasis on the essence of good coordination between the phases but also 
indicates the need to have a product responsible who is held accountable for the product/part all the 
way – from design to verification. The product responsible needs an overall understanding of the 
horizontal flow of information and work carried out by each functional department. This way product 
quality will be prioritized and the main overall process more efficient. 
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