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Abstract 
This project was initiated in collaboration with a start-up company in the solar cell industry, 

aiming at producing organic photo voltaic cells in a roll-to-roll process. The company is 

currently undergoing a transformation from a process validation stage towards a small-scale 

pilot production, with the goal to reach a steady state production during Q1 2020. 

To achieve their goals, the company wants to increase the degree of industrialisation within 

their production. The undertaken approach during the project was therefore divided into the 

following steps: 

1. Identify challenges faced in the production. 

2. Perform a literature review. 

3. Target the challenges by implementing conventional methods used within the 

manufacturing industry. 

4. Launch a production stress test to get experience from a continuous production flow 

and to validate the new production status. 

5. Evaluate test results. 

In step 2, the chosen methods were KPIs, stand-up meetings, standardisation, production 

planning and scheduling, FMEA and flow simulation. Furthermore, general conclusions 

concerning the applicability and utility of the methods, at this early stage of a production were 

investigated.  

The production test consisted of having three consecutive rolls going thru the production. When 

evaluating the test results and the applicability and utility of the chosen methods, following 

conclusions were drawn:  

• KPIs and production stand-up meetings are considered as useful at this early stage. 

• Standardisation, FMEA and production planning and scheduling are useful, but not 

necessary at this early stage. 

• Flow simulation is currently not necessary. 

When a company starts its transformation from having a research based small-scale lab 

production towards an industrialised high-volume production, an additional perspective must 

be applied. Most important were therefore the change in mind-set, occurring as an effect caused 

by the synergies arising when all methods were used combined.  
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Sammanfattning 
Detta projekt initierades i samarbete med ett start-up företag inom organisk solcellstillverkning 

som producerar i en rulle-till-rulle process. Företaget är för tillfället i en övergångsfas från 

processvalidering till en småskalig pilot-produktion, med mål att nå en stabil produktion under 

första kvartalet 2020. 

För att nå målet vill företaget öka sin produktions industrialiseringsnivå. Tillvägagångssättet 

för att nå detta har delats in i följande steg: 

1. Identifiera utmaningar produktionen ställs inför. 

2. Utföra en litteraturstudie. 

3. Adressera utmaningarna genom att implementera konventionella metoder som används 

inom den tillverkande industrin. 

4. Lansera ett produktionstest för att erhålla erfarenhet av ett kontinuerligt 

produktionsflöde och att validera produktionsstatusen. 

5. Utvärdera och analysera testresultaten. 

De valda metoderna, omnämnda i steg 2, var: Produktionsnyckeltal, stå-upp möten, 

standardisering, produktionsplanering och schemaläggning, riskanalys och simulering av 

produktionsflöden. Allmänna slutsatser gällande tillämpligheten samt användarbarheten av 

dessa metoder i ett tidigt stadie av en produktionsutvecklingsfas utreddes.  

Produktionstestet bestod av att låta tre rullar efter varandra gå igenom hela produktionslinan. 

När tillämpligheten och användarbarheten utvärderades kunde följande slutsatser dras: 

• Produktionsnyckeltal och Stå-upp möten anses vara användbara i detta tidiga stadie. 

• Standardisering, Riskanalys samt produktionsplanering och schemaläggning anses vara 

användbara men inte nödvändiga i detta tidiga stadie. 

• Simulering av produktionsflödet anses ej vara nödvändigt för tillfället. 

När ett företag börjar genomgå förändringen från att vara ett forskningsbaserat småskalig labb-

produktion till en industrialiserad storvolymstillverkare bör ytterligare ett perspektiv beaktas, 

det industriella tillverkningsperspektivet. Viktigast var därför den förändring i tankessättet om 

industriell produktion som uppstod som en synergieffekt när alla metoder användes i en 

kombination.  
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Abbreviations 
Here follows a list of the most important abbreviations used in the report. 

Abbreviation Explanation 

OPV Organic Photovoltaics 

LEH Light Energy Harvesting 

R2R Roll-to-Roll 

KPI Key Performance Indicator 

FMEA Failure Mode and Effect Analysis 

RPN Risk Priority Number 

SOP Standard Operation Procedure 

POR Production Order Request 
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1. Introduction 
Millions of mobile devices worldwide are today connected, and the need to supply these 

devices with power is increasing each day as the internet of things is continuously growing. At 

the present, batteries are the commonly used energy source used for these devices. The 

development of alternative energy sources enabling wireless usage of are growing fast to 

supply the energy demand. One alternative energy source is solar energy. Recent progress in 

the development of organic photovoltaic (OPV) solar cells, makes it possible to commercialise 

these products. The concept of using solar cell technology for collecting the energy from indoor 

lightning, e.g. light bulbs, is called light energy harvesting (LEH). LEH is becoming more and 

more popular and could be used to extend battery life, or eventually to replace batteries in many 

applications [1]. 

It is today possible to print organic solar cells on a thin and flexible plastic film in a continuous 

roll-to-roll process. Manufacturers can hence produce economically beneficial organic solar 

cells in high volumes, which makes the industry to an emerging market. In this transformation 

and commercialisation process, there are however many obstacles to overcome and trade-offs 

to make. [2] 

This report is based on a project conducted at a start-up company specialised in light energy 

harvesting. The company is currently undergoing a transformation from a process validation 

stage towards a small-scale pilot production, with the goal to reach a steady state production 

of customer orders during Q1 2020. Thus, an industrialisation process was initiated during 

spring 2019. During the project, established manufacturing methods were tested in this new 

context. 

Because of the high technological research currently performed at the company, and the high 

competition between the companies trying to expand and enter the solar cell market, some facts 

are intentionally removed from or censored in the report. 

1.1 Aim with the study 

This project aims at contributing to the industrialisation progress at the chosen company. 

By contributing, it is meant to move the production development forward, in the way 

considered as most appropriate with the resources available. Industrialisation is in the report 

referred to as going towards a less manual, more industrial environment. 

Furthermore, the study aims at evaluating if, or to what extent, conventional methods used 

within an established manufacturing process, can be applied already  when preparing for 

production ramp-up and industrialisation, at the intersection of process development and 

pilot production. 

More specifically, the applicability and utility of Key Performance Indicators (KPIs), Failure 

Mode and Effect Analysis (FMEA), flow simulation, standardisation, stand-up meetings, and 

production planning and scheduling have been evaluated. 
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1.2 Limitations 
The following aspects has not been taken into consideration when executing the project: 

• The external supply chain. 

• Product delivery to potential customers, since the delivery format is not entirely 

decided, and the process will be outsourced to an external contractor. 

• Questions considering the safety, health and work environment. 

• Process development of the unstable manufacturing process steps. 

• The risk of changes in e.g. product design or performance because of an immature 

market and uncertain product requirements. 

1.3 Procedure 

A literature review and a five months long case study at the chosen company constitutes the 

two major parts of this project. Five main stages took place during the work, which are listed 

and described below in Figure 1. Stage 1-4 includes the case study, while the final stage focuses 

on general conclusions. 
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Figure 1. An overview of the procedure used in the project. 

In stage 3, the chosen methods were firstly implemented. At the end of the case study, a 

production stress test was performed. The test served as a benchmarking test, where the primary 

focus was on creating a production baseline, instead of focusing at process development, which 

is until then was the normal case. By testing a continuous production, for the first time, the 

implemented methods were also possible to evaluate. 

When analysing the implementation and production test, a survey was sent out to the 

production team. The survey consisted of multiple choice and free text questions. It was 

answered by all six members of the team. 

In the last stage of the work, when evaluating the results from the case study - six criteria were 

used. The first three are generally important for a sustainable business, and the following three 

Identify needs

• A field study was performed at the company during several weeks to learn 
about the manufacturing process and to get an understanding of the current 
production state and its challanges. Future production goals and targets were 
also treated and taken into consideration, to create an understanding of where 
the organisation is heading.

Literature 
review

• Related research was done on existing literature such as standards, conference 
proceedings and research reports, on how to best meet the challanges and 
reach the company goals. By understanding the current knowledge base, 
previously known difficulties were identified, together with established tools 
and methodologies useful for industrialisation.

Pilots & 
production test 

• Pilots were launched to test the applicability and utility of the methods at the 
company. A production test was therafter launched to test the performance of 
implemented methods during a continous production. Before and during the 
test, production data was collected. The quantitative data was supplimented by 
collecting qualitative data, such as  field notes and opinions from employees.

Case study 
analysis

• After the production test, futher opinions from the production team were 
collected thru an evaluating survey. All available data and noted results from 
the implementations and production test were compiled, analysed and 
discussed. The achivements and learnings are summarized in chapter 5.3-5.4.

Evaluation

• Finally, the case study results served as a basis for general conclusions. The 
applicability and utility of the chosen methods under the stated conditions was 
evaluated and presented in Chapter 6. Six criteria were used for evaluation..
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were requirements from the case study company. The following questions were asked during 

the evaluation: 

Is the method... 

• Economically justifiable at this stage? I.e. is it worth the money to invest in all resources 

needed. 

• Time efficient? I.e. is it worth spending time on activities involved with the method. 

• Directly or indirectly increasing the product quality? 

• Increasing the knowledge level in the organisation? 

• Contributing to any cultural changes towards a more industrial mind-set? 

• Contributing to standardisation? 

Daily communication and participation in company activities has thru all phases been a key to 

stay updated in the fast pace start-up environment, since the operating conditions can change 

on a day-to-day basis. 
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2. There are solar cells, and then there are organic solar cells 
In this section, the relevant literature regarding the area Organic Photovoltaic cells will be 

presented. The difference between silicon based solar cells and organic cells is described. To 

understand the boundary conditions of the process, and the possibilities and hurdles of the 

manufacturing process roll-to-roll method is thereafter described. The chapter also covers a 

short summary of the light energy harvesting concept. 

2.1 A brief introduction to Organic Photo Voltaic cells and its 

manufacturing 
There is a wide spectrum of different solar cell technologies which are based on different 

materials and different manufacturing processes. For example, solar cells could be based on 

metals such as Silicon (Si), or plastic (polymer) organic materials. The applications of solar 

cells can be used in different environments; therefore, it is important to have a variety of 

materials available on the market. The technology behind making the conversion of sunlight 

into electrical energy possible is referred to as a photovoltaic (PV) system [3].   

PV systems have traditionally been based on inorganic1 materials, e.g. Silicon. Solar cell 

technology based on Si are performing well in terms of energy efficiency, but due to the big 

amount of energy needed when manufacturing these solar cells, further development of organic 

materials coequals is being considered. The energy payback time, i.e. the time it takes for the 

product to become a net energy provider considering the full product life cycle, has been 

estimated to 1-2 years for Si based PV cells [4]. It is predicted that the energy payback time for 

OPV cells will decrease with an increasing efficiency and a stabilisation of the manufacturing 

processes. The main reason that OPV cells does not require as much energy as Si-based systems 

while being produced, is because of the absence of high temperatures [5]. Further advantages 

of OPV cells are described in the literature as their flexibility, light-weight and semi-

transparency properties [6]. 

In Figure 2 below, a comparison between the efficiency of different solar cells is displayed. 

OPV cells are the newest technology but is rapidly increasing in efficiency due to extensive 

research in the field. 

                                                 
1 A material is organic when based on hydrocarbons [29]. 
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Figure 2. A comparison of different photovoltaic systems and their efficiency development over the years [7]. 

To get a general understanding of the boundary conditions with the production of an OPV cell, 

a general structure is presented below in Figure 3, as a cross section from the side. An OPV 

cell is produced on a polymer base substrate (a thin “plastic film”) in several layers, each with 

different functionality to generate electrical energy. The main components, except from the 

substrate, are electrodes and a semi-conductive material. The chemical compound used in the 

layers or substrate may differ between manufacturers. A common technique for producing each 

layer is to use coating or printing technology. 

 
Figure 3. A schematic cross section overview of an organic solar cell. 

The OPV cells needs protection from the surrounding environment, since it is sensible to e.g. 

liquids or air. One way to do this is to create a barrier protecting the solar cell. The barrier could 

for example be created by wrapping the cell in an additional plastic cover. Different base 

substrates have different properties and the barrier function could also already be integrated in 

the material. 

Printing electronics is the procedure of applying conductive or semi-conductive materials in 

liquid form (ink), to a thin plastic film (the polymer substrate). Because of the material 

flexibility can the OPV cells, as other printed electronics, be produced in a Roll-to-Roll (R2R) 

production. In R2R processing, the polymer substrate is travelling thru a printing machine from 

one roll and are rewound onto another roll, see Figure 4. In comparison to other batch 

processing techniques, the R2R production can benefit from higher throughput, due to the fast 
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processing speed and the continuous production. The printing or coating of the OPV cells 

endures some restriction in the processing, mainly due to the criticalness of layer thickness, 

uniformity of the layers as well as alignment in the substrate direction of the layers respectively 

[8, 9]. 

In the figure below, a general R2R production within a coating process is described. The 

outgoing roll is placed and threaded thru the machine on cylinders. A drier is placed after the 

coater to establish a controlled drying process for the ink. The drying process could be done by 

hot air turbulence, a hot oven or a combination of those. After the drying process, the substrate 

goes thru a lamination process to protect the sensitive ink from the surrounding environment. 

The machine layout may of course differ. 

  

Figure 4. A schematic overview of a roll-to-roll process [10]. 

One aspect in favour for the OPVs in comparison to the other PV solutions, is the possibility 

to lower the manufacturing costs. Currently, the main cost of an OPV cell is the raw materials, 

while the manufacturing and labour costs have less impact. Many of the cost analysis 

performed on OPV technology today are based on a low scale manufacturing, but with the 

emerging R2R production technology, the outlook for further cost reduction are bright. The 

costs of manufacturing the OPV cells are dependent of the volume produced and could at large 

production volumes become considerably lower than the cost for Si-based, or other PV systems 

[6]. 

2.2 What is Light Energy Harvesting? 

When using the solar cell technology for an indoor environment, to collect energy from 

artificial light sources, it is referred to as light energy harvesting. The concept uses the same 

main component, a photovoltaic system, but instead of utilising the sun as the power source, it 

utilises the light energy produced by indoor lightning. Different indoor environment has 

different light energy conditions (light power), which is measured in the unit Lux. Applications 

using the light energy harvesting technology needs to be evaluated according to the lightning 

conditions in the environment that the application should be operating [1]. 
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3. The art of production ramp-up in a manufacturing company 
To decrease the price per OPV cell and obtain a shorter energy payback time, it is as mentioned 

necessary to increase product volume and reduce the overall manufacturing costs. It is therefore 

critical to achieve a feasible and cost-efficient manufacturing process, when going from lab 

studies to an industrial production. Until now, this has not been possible for the existing 

manufacturing methods. 

For the manufacturing industry in general, the frequency of new product introductions is 

increasing, as product lifecycles are getting shorter. Consequently, all manufacturing 

companies must adapt and endeavour both shorter time-to-market and time-to-volume. The 

production scale up process becomes therefore a critical success factor when striving for a fast 

market entry and return on investment (ROI).  

A new product introduction process can be defined by several phases. S. Elstner and D. Krause 

gives the following description of production ramp up in context of the product development 

and production stages, including important milestones along the way, see Figure 5. 

 

Figure 5. The definition of the production ramp-up phase in relation to product development and launching. [11] 

According to H. Almgren, pilot production and manufacturing start-up are two phases 

proceeding a steady state production. But unlike Elstner and Krause, Almgren defines the 

ramp-up as a subordinate phase within the manufacturing start-up. The manufacturing rate 

within the different phases is conceptually illustrated in Figure 6. 
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Figure 6. The manufacturing rate in different production development phases. The ramp up-phase is taking place when 

increasing production volume in the manufacturing start-up phase. [12] 

The pilot production state is defined by a production where pilot tests are performed within a 

manufacturing system intended for large scale production. Low-volume manufacturing start-

up is the phase where production parameters are optimised and it is followed by the high-

volume manufacturing start-up phase, with the purpose of increasing the capacity of the 

manufacturing system to reach the targeted values.  

Almgren specifically emphasises the need for tools, principles and methodologies applicable 

during a production scale up, since the conditions are incomparable to a steady-state 

production. He also emphasises the importance of investigating disturbances affecting time-to-

volume and time-to-quality during these phases. [12] There are numerous challenges identified 

during the ramp-up stage of a production, such as: 

• The absence of knowledge acquisition and sharing. 

• The lack of a specific framework based on how to accomplish a successful ramp-up. 

• Late process changes in the ramp-up phase. 

• The lack of a framework on how to identify progress of the ramp-up [13] 

F. Klocke et al. are investigating the behaviour of old and new manufacturing technologies 

during production ramp-up and their ability to meet time-to-market, by modelling their ramp-

up behaviour [14]. M. Schröder et al. presents a framework for failure classification and 

analysis during production ramp-up, to find root causes and address them to avoid 

reoccurrence. However, a considerable amount of data from production sensors is demanded 

to facilitate this work [15]. 

In this report, production ramp-up and scale-up will be used interchangeably for the period 

when going from a sporadic lab scale production, used for research purposes, to an, in 

advanced, planned production where the processes are giving a reproducible output given to a 

customer. 
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3.1 Key performance indicators and their roll when scaling up 
A standard for clarifying the concept and usage of KPIs within a manufacturing company is 

ISO 22400 “Automation systems and integration — Key Performance Indicators for 

manufacturing operations management”. The standard targets KPIs for a manufacturing 

operations management (MOM) level of an organisation, visualised in Figure 7. 

  

Figure 7. The functional hierarchy model of a manufacturing company, with MOM at the third level [16] 

The standard defines KPIs as quantifiable and strategic measurements reflecting critical 

success factors in a manufacturing system and emphasises their importance from both a 

strategical perspective and for optimisation and improving purposes. 

According to the standard, each KPI used should have a clear definition and description. 34 

different KPIs are declared in the suggested way, such as throughput rate, availability and 

effectiveness. One example of the resulting description table for each of the declared KPIs are 

shown below in Table 1. [16] 

  



   

 

11 

 

 

Table 1. Description of the throughput rate according to the ISO 22400 standard. [16] 

KPI Description  

Name Throughput Rate 

Description Process Performance in terms of produced quantity of an order 

(PQ) and the actual execution time of an order (AOET). 

Scope Product, production order and plant 

Formula Throughput Rater = PQ/AOET 

Unit of measure Quantity unit / Time unit 

Range Min: 0 quantity units / time unit 

Max: product-specific 

Trend The higher the better 

Timing On demand, periodically 

Production Methodology Discrete, batch 

Notes Throughput rate is an index for the performance of a process. 

This indicator is an important index for the efficiency of the 

production.  

 

Even though ISO 22400 is supposed to specify an industry-neutral framework, research has 

found it more adoptable to the discrete parts manufacturing industry. A gap between the 

standard and the reality within the process industry is has been identified, but it also exists 

recommendations for how to minimise it. [17] 

The importance of using KPIs for monitoring, analysing and giving feedback to manufacturing 

systems has been emphasised, but nevertheless, they must be relevant and designed with 

respect to the own business and processes. A variety of perspectives must also be taken into 

consideration when identifying KPIs, and they should reflect the manufacturing from more 

than e.g. a financial point of view. Except from cost – time, quality, flexibility and productivity 

are important aspects to reflect over. 

Furthermore, the importance of a feasible implementation of the performance measurement has 

been pointed out. The availability and reliability of data and information, as well as 

responsibilities are of equal importance. [13] 

The ramp-up time itself, together with the effort spent during that period, are simple indications 

of the overall performance when scaling up. Those metrics are however not assisting the 

decision-making process in this phase and are not suitable for predicting the remaining time 

and effort. Additional metrics are needed to reach technical and operational targets. 

To measure the production progress, the produced volume over time can be an indicator of the 

production results, as earlier shown in Figure 6. 

In the earliest stages of a ramp-up, when there is still no production output, the need for 

supplementary KPIs remains. 
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A summary of possible KPIs during a production scale up are shown in Table 2. 

Table 2. Ramp-up KPIs. 

KPI Description 

Ramp-up time The total time spent during ramp-up. 

Effort The total effort spent during ramp-up e.g. working 

hours. 

Production 

volume 

Produced volume over time. 

 

3.2 Flow simulation of a production process  

There is currently a limited amount of literature available regarding the feasibility of using flow 

simulation on an unstable (i.e. that the production process is not fully decided or that the 

processes within the manufacturing process are not yet fully developed) production process. 

To understand the general benefits of simulating a stable manufacturing process, the theory of 

Discrete Event Simulation (DES) and methods for collecting data as an input in a simulation 

model are described in this chapter. 

Discrete Event Simulation Model 

Simulation of the production process can, when used in a good way, benefit the organisation 

in several ways. The advantages could for example be that the simulation serves a tool for 

investment decisions, explore new possibilities of the production or to identify production 

constrains. Discrete Event Simulation (DES) has been considered a powerful digital tool for 

supporting the decision-making phase within the production development field. Examples of 

this could be to simulate the current production capacity to evaluate if the production target for 

the coming period is met. A Discrete Event Simulation is running over simulated time and the 

state is updated at each event that occurs during the simulation [18]. 

Data collection for simulation 

To simulate the production flow, the first step is to identify and collect the data needed. This 

could become a very time-consuming activity, which alone stands for a great share of the total 

time for the simulation project and should ideally be well planned to run smooth. There are 

some available methodologies for input data management. According to Skoogh and Johansson 

(2008), data input management is defined as “the entire process of preparing quality assured, 

and simulation adapted, representations of all relevant input data parameters for simulation 

models.” To assure a high-quality simulation and data, a methodology for collecting the data 

is suggested. The methodology is based on the categorisation of availability and collectability 

of the data that originates from Robinson and Bhatia (1995). The three categories are 

summarized in Table 3. 
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Table 3. Categorisation/Classification of data according to availability and collectability. 

Category A Available 

Category B Not available but collectable 

Category C Not available and not collectable 

 

The categorisation is a foundation for the methodology of collecting, analysing and using data 

from the production in a simulation model. The suggested approach by Skoogh and Johansson 

(2008) is presented in Figure 8 below and consists of 13 steps. 
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Figure 8. Methodology for input data management [19]. 

The methodology provides a structured way of collecting the unavailable data and could be 

iterated until satisfaction of the quality of the data. Skoogh and Johansson also empathise the 

importance of documenting both the process of gathering the data and the final work in a 
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structured way to maintain the validity of the data for the next simulation project or future 

reference [19]. 

Building a simulation model 

When constructing a simulation model there are some aspects to consider. Regarding the 

amount of input data points, Greasly (2007) is suggesting how to handle different amount of 

data points [20]: 

Table 4. Suggested methods for data handling depending on amount of data points 

Data Points Suggested Modelling Method 

Less than 20 Mean value, exponential, triangular, normal or uniform 

20+ Fit theoretical distribution 

200+ Construct empirical distribution 

Historical Trace 

 

The model is built by placing icons that represent e.g. processes in the production. The icons 

are connected to each other to represent the path of the entity (e.g. product or information) 

through the processes [21]. A source is needed for bringing the parts or raw material into the 

simulation (or factory in reality) and a Drain is needed to delete the parts from the model. The 

number of parts that have been deleted by the drain is the total pieces that have been finished 

in the production when the simulation has run. There is a lot of available software for this 

purpose, but the idea behind is the same. A simulation model can be built in several different 

set-ups and a general structure of a model using the same equipment for certain operations is 

displayed below: 

 

Figure 9. A general overview of the basic idea when modelling. 

  



   

 

16 

 

3.3 Risk analysis and Failure Mode Effect Analysis (FMEA) and their 

characteristics 

One definition of “risk” in a manufacturing process can be: A risk, when it occurs, causes 

negative effect on the output [22]. 

Available literature emphasises the importance of identifying the risks when ramping up the 

production with the goal to avoid them. One established method for this is FMEA. The method 

consists of identifying each step of the process, evaluate possible failure modes and their causes 

and then grade the risks according to certain criteria. The grading is an important part of the 

assessment since it provides quantitative estimates of the occurrence of the risk, the severity as 

well as how easy it is to detect the failure. The product of the grading is then calculated to a 

Risk Priority Number (RPN), which should be prioritised in accordance with available 

guidelines. FMEA is considered as a qualitative method of evaluating quality.  

FMEA could be applied in the design phase of a product to enhance the collaboration between 

the construction and the production department in an organisation. The FMEA method could 

also be separately applied to a production process to avoid failures and valuable production 

time, but the manufacturing strategy of the product should ideally be included already in the 

design phase [23].  

The FMEA is not a complicated method, but the simplicity of it entails in drawbacks on 

accuracy. One example of the disadvantages of the method is the fact that the precise grading 

or rating is hard to decide upon and could end up being somewhat vague because the scale is 

too insignificant. Another thing is the relative weight of Occurrence, Severity, and Detectability 

which could lead to RPN values that does not reflect reality in terms of criticalness for the 

production [24]. An every-day example of using the FMEA method, and the relative weight 

problem, is presented in the table below.  

Example 1 - FMEA: Leaving your home in the morning. 

Abbreviations: Occurrence (O), Severity (S), Detectability (D) and Risk Priority Number 

(RPN), the scale is a grading from 1-5, where 1 is lowest and 5 is highest. 

Table 5. Example of FMEA for operations when leaving your home. 

Operation 
Operation 

description 

Failure 

Mode 

Failure 

Effect 

Failure 

Cause 
O S D RPN Decided action 

Turn off 

oven, coffee 

brewer etc. 

Check so all 

hot home 

appliances are 

turned off 

Switch is not 

turned off 

In the worst 

case a fire 

Forgetting to 

turn off due to 

multitasking 

1 5 1 5 Have a 

checklist to 

make sure 

everything is 

turned off 

Bring your 

lunchbox 

Bring your 

prepared 

lunchbox to 

work 

The lunch 

box is not 

brought 

No lunch, 

expensive 

lunch at a 

restaurant 

Forgetting the 

lunch box due 

to stress 

3 2 1 6 Write a note on 

the door 

 

In the simplified example above, the relative weight problem of the RPN value is displayed. 

The scenario of your home catching fire has far bigger consequences than forgetting your 
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lunchbox, but due to the low occurrence and the easy detectability (just check the oven) of the 

problem, it yields a low RPN value. The same applies for forgetting your lunchbox, it may not 

be very severe, but because it might happen often, the RPN is consequently higher. The 

absolute grading here on comparing two different operations may also be an issue. The 

resolution of the scale may be improper for judging two completely different operations. 

Anyhow, when using this method in a design phase of a product or a manufacturing process it 

could be used as a tool for ranking the risks. It is highly important that the grading is consistent, 

preferably with pre-decided criteria with known intervals, and that an evaluation of the 

distribution of the RPN values to assure their relevance is performed to work with the tool.  

This, to assure the lowest possible vagueness and accurate RPN values.  
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4. A ramp-up special case: The start-up company 
A start-up company can be defined in several ways, such as “a company working to solve a 

problem where the solution is not obvious and success is not guaranteed” [25] or “a temporary 

organisation designed to look for a business model that is repeatable and scalable” [26]. 

With respects to its definitions, one can agree upon that start-ups operates differently and under 

other conditions compared to bigger companies, the manufacturing industry included. 

During this study, the literature research concerned by production ramp-up and methods used 

for the purpose  

4.1 KPIs for start-ups 

There are KPIs particularly important to track for start-up companies. Dependent of the 

company's business area and nature, those can of course vary, while some will still stay the 

same. A small selection of cross-industry KPIs are given as an example in Table 6 below, with 

a short explanation. Their calculation formulas are however excluded. 

Table 6 – Examples of important KPIs for start-ups. [27]- [28]. 

KPI Description 

Burn rate Tells how fast the money is spent. 

Runway The time until the company runs out of cash. 

Customer churn rate Indicated how fast customers tend to leave. 

Revenue growth rate The month by month increase in revenue (%). 

Customer acquisition cost, 

CAC 

The cost for acquiring one customer. 

Lifetime value, LTV Net value generated during the average customer 

lifetime. 

The ratio CAC/LTV Shows business sustainability. 

 

The mentioned metrics are as can be seen, not directly related to production, but are rather 

reflecting the business from a financial and sales point of view. The strong economical focus 

among many start-up KPIs emphasises the significant role of money and keeping track on the 

cash flow. One can therefore argue that the KPIs are not disconnected from production, since 

e.g. the production development costs in a manufacturing start-up highly effects a KPI such as 

burn rate. Similarly, a production ramp up KPI such as production yield (see Table 2) is critical 

to maximize from an economical perspective. Frequently used production KPIs such as WIP 

and throughput time would likewise be carefully monitored, because of their indications on the 

amount of tied up material within the production. 
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5. Industrialisation in reality: The case study 
The patented technology behind the company’s OPV-cells is well developed and high 

performing when manufactured at lab scale. But, a ramp-up of the production pace is required 

to commercialise the products and become a high-volume producer. Moreover, some of the 

process steps need to be validated for a large-scale production. 

At earlier stages, a maximum pace of one roll per week has been produced at the manufacturing 

unit. During the production stress test, the production was however operated continuously 

during four days with more than one roll in circulation, for the first time ever. Consequently, 

the position on the manufacturing rate graph would move according to Figure 10. 

 

Figure 10. The advancement in manufacturing rate position during the production test. 

In chapter 5.1, the initial situation at the company is described, including identified challenges 

concerning the production status. Chapter 5.2 treats the implementation of the chosen methods 

and describes how actions connected to each challenge were made to improve and ease the 

transition towards industrialisation. In 5.3 and 5.4, the results are presented. 

Except from identifying challenges, a mapping of the processes and process steps were initially 

done together with a mapping of the entire production flow, a necessity to proceed with the 

work related to the list above. 

5.1 Current state description 
To get a short overview of the company’s production, Table 7 below displays the process steps 

together with its belonging machine, operator and if it is outsourced or not. The product is 

currently produced in step 1-8, tested in step 9 and will in the future be sent for punching and 

packaging in step 10. Step 10 does however not yet have a defined supplier. For the outsourced 

process steps in step 1-9, it is only the processes itself that are being outsourced, the 

responsibility for all material supply, transports etc. is still an internal matter. 
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Table 7. The process steps and their attributes. 

Process step Machine Operator Internal/External 

Process 1 A O1 External 

Process 2 A O1 External 

Process 3 B O1 External 

Process 4 C O2/O3 Internal 

Process 5 C O2/O3 Internal 

Process 6 A O1/O2 External 

Process 7 B O4 Internal 

Process 8 D O4 Internal 

Process 9 E O5 External 

Process 10 Unknown Unknown External 

 

To differentiate between the case study company and its external suppliers, the following 

names given in Table 8 are hereafter used. 

Table 8. An overview of the companies involved in the production process. 

Company name Company role 

Company X The case study company / The OPV-company. 

Company Y The external company managing process 1, 2, 3, 6 and 9. 

 

As of January 2019, four out of ten process steps are described as unstable, resulting in an 

uneven quality of the product output. Consequently, the scrap rate is varying from 50 to 100 

percent. The production is taking place for process development purposes, to achieve targeted 

product functionality and process stability. Therefore, the need for practicing on each process 

step and testing new process parameters regulates when and how the production takes place.  

The rolls currently used within the roll-to-roll production are 100 meters long. However, only 

50 meters are utilised, which of course contributes to the high scrap rate. Because of the high 

cost of raw materials applied to the roll per produced meter of OPV cells, it is a necessary 

measure to take during the development stage. A high scrap rate is hence approved by the 

company executives. 

Because of Company Y´s high involvement in the production chain, frequent communication 

is critical for a smooth production flow and high product quality. Meetings are held from time-

to-time to synchronise the current production status and the weekly plan. No long-term plan is 

however established. 

The company target is to have a fully developed and stable process during spring 2019, and an 

industrial production up and running around Q3 2019. High production volumes are however 

not in the pipeline until the beginning of 2020. 

To achieve the targets set for production volume and time-to-market, further efforts must be 

spent on e.g. a strategy concerning internal production flow and logistics, external supply chain, 

documentation, and data collection. An efficient production will also be critical for reaching 
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the targeted product cost. Because of its novelty and the need for a strong R&D focus, there is 

however no wonder that Company X has not yet had enough time to spend on uncertainties 

concerning production and internal logistics. Some of the most challenging circumstances 

identified and faced during Phase 1 are thus listed below:  

1. Five process steps are outsourced to Company Y, who oversees the production facilities 

together with machine A, B and E. Two rooms are sub rented and counts as the internal 

space, were machine C and D are placed. Operator 1 and 5 are employees at the 

supplying company and operator 2–4 are internal employees. Hence, Company X does 

not have full control over its production. 

2. Since the company is new, it does not exist any previous production data. 

3. There is no IT infrastructure supporting the manufacturing, such as an ERP system, 

inventory system or production scheduling system. 

4. It exists no standardised way of working with inventory management. 

5. Primary calculations on manufacturing capacity and throughput exists. Those are 

however based on assumptions, since there is no production data. 

6. Production KPIs are not established to follow up operational targets within the 

production or to supervise production rate, quality, etc. R&D KPIs does exist. 

7. Risk analysis of the external supply chain, internal logistics or operations are in the 

pipeline but have not yet been performed. 

8. A major part of the knowledge concerning the processes is possessed by the employees 

and are not documented.  

Concrete actions connected to each of the eight challenges listed above will follow point by 

point in the next chapter. 

5.2 Establishing an industrialised production 
After the current state analysis, the implementation of the chosen methods started, including 

data collection from the production and addressing the identified challenges. The data 

collection mainly consisted of monitoring the time range for each process step and to 

summarise testing data from Process 9. Thereafter, the data could serve as input for e.g. both a 

flow simulation model and creating a production scheduling tool. 

The actions taken for every listed challenge is presented below together with its original 

observation and reflections on the work. 

1. Five process steps are outsourced to Company Y, who oversees the production 

facilities together with machine A, B and E. Three rooms are sub rented and counts 

as the internal space, where machine C and D are placed. Operator 1 and 5 are 

employees at the supplying company and operator 2–4 are internal employees. 

Hence, Company X does not have full control over its production. 

To facilitate the production flow at the intersection of Company X and Y on a long-term basis, 

a schedule for the production stress test was made two weeks in advance, with input from 

Company Y. To ensure future capacity and on-time deliveries, an even longer planning horizon 
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is preferred, as the volume and batch sizes are supposed to increase dramatically. The tool used 

for production planning are further explained under point three. 

For simplifying the communication on a daily basis, both internally and externally, morning 

stand-up meetings were held during the production test. The meetings were 5-10 minutes long 

and took place before the production started, using a predefined agenda. Participants from 

Company X and Y got the opportunity to share information such as deviations from the 

schedule. During the meeting, the company representatives were gathered in front of a 

production whiteboard. It was created as a communication tool for daily management, with 

inspiration from well-known manufacturing companies who is using similar production Lean 

boards. 

A template named “Production Order Request” (POR), was also introduced to standardise and 

streamline the information flow between the companies, as well as increase product tractability. 

Except from showing information about the customer order, the template also contained the 

predefined production schedule and possibilities to note down the actual time slots. The 

template is found in Appendix 1 – Production Order Request. 

Standardised buffer zones for the material going in and out from Company Y was also 

implemented, as a part of the industrialisation process.  

2. Since the company is new, it does not exist any previous production data. 

Several methodologies used for steady state production and production ramp-up requires large 

amounts of quantitative data. As an example, the FMEA method demands previous data to 

establish values for both the occurrence, severity and detectability for failure modes. In the 

start-up case, when no data exists, the values must instead be estimated. To avoid introducing 

such uncertainties, collecting data should be done early in the industrialisation process.  

Setup times, run times, machine failures, run length and the amount of scrap are examples of 

missing data for each of the process steps. By introducing the previously mentioned POR 

compiling data from test reports (xlxs. format) generated in Process 9 and conducting a time 

study, it was possible to collect new data. 

The time study was made by following each roll going thru the production. For every process 

step, the start- and end- time were noted, together with the run speed. An attempt to register 

the run length of the roll were also made, but the results were too inaccurate and hence not 

useful. During the production stress test, another method was used to track the run length. By 

noting barcode numbers printed in Process 2, it was possible to keep track of each module 

produced. 

3. There is no IT infrastructure supporting the manufacturing, such as an Enterprise 

Resource Planning system, inventory system or production scheduling system. 

At this stage, when Company X is still validating their production process and no big customer 

orders are in the pipeline, there is no need for any IT infrastructure supporting the 

manufacturing. There exists however a need for understanding the necessary requirements in a 

future system, as well as a need for learning the fundamentals within manufacturing operations 
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management. During the spring, a basic version of a production planning and scheduling tool 

was therefore developed. 

As Excel is used for multiple purposes within the organisation, the first version of planning 

tool was constructed in Excel by using collected production data for calculating time slots. To 

get a more visual tool, a hybrid solution between Excel and an additional calendar program 

was developed.  

Firstly, a rough production plan is created in Excel, according to known production constraints, 

e.g. setup time, run time and dwell time. By entering start date and time into the Excel table 

file, the end date and process time are calculated. Secondly, the Excel file is converted to a 

comma separated (.csv) file, which enables import to the calendar. After the import, a schedule 

can be viewed in a clear and visually appealing format. In the calendar, all events can easily be 

modified and rescheduled, with a drag-and-drop function. If larger scheduling changes are 

necessary, the process can be iterated by changing the original Excel file and import it once 

more. The scheduling process is displayed as a flow chart in Figure 11. 
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Figure 11. Flow chart describing the process of creating a production schedule. 

The final production ramp-up stress test schedule was planned together with company 

employees, with input from Company Y. The result from the calendar tool can be seen in 

Figure 12. The total setup time was scheduled to be 5h 35min, the process time 6h 30min and 

the overall production time 12h 5min for each of the rolls. In the picture, the time slots are 

intentionally blurred. 



   

 

25 

 

 

Figure 12. The production planning calendar with the schedule for the production ramp-up test performed in phase three. 

The schedule was created with data from the time study, with the purpose to get hands on 

experience and establishing a standardised baseline method for production planning. A 

structured production planning is crucial for enabling high volume production. Optimisation of 

the processes was not in the scope for this project. The solution works however as indented but 

requires both manual work and plenty of knowledge concerning the processes. By 

implementing process planning already in the process validation stage, the production team 

also got the opportunity to practise how to communicate changes in the schedule and how to 

adjust their work accordingly during the daily stand-up meetings. The production board, 

created as a guide for the stand-up meeting could be seen below: 

 

Figure 13. Production Board for Stand-up meetings 
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4. It exists no standardised way of working with inventory management. 

To overcome the obstacles with the unstandardised way of working with inventory 

management, some measures have been taken to handle the inventory. Designated storages 

were created – i.e. decided areas where the inventory should be placed while in the production 

process. These areas were marked with tape and a clear sign stipulating what kind of inventory 

the area should hold. The purpose of these areas was to implement the lean philosophy in the 

factory and to save time because it is, at every stage of the production process, known where 

the goods are. An example of the standardised buffer zones is displayed in Figure 14. 

 

 

Figure 14. Example of a standardised buffer in the factory. 

All inventory items do have a designated storage, which further will decrease the risk of stock-

outs. At the same time, it is crucial to find a balance of not having too much capital locked into 

storage. A transparent information flow regarding the inventory will facilitate for the higher 

production volume avoiding the inventory levels becoming the bottleneck. 

5. Primary calculation on manufacturing capacity and throughput exists. Those are 

however based on assumptions, since there is no production data. 

The calculations earlier made regarding production capacity are based on assumptions. 

Logging of start- and end-times of the production processes were therefore performed and used 

to create a flow simulation model. The lack of historical production data was however limiting 

certain aspects of the study. For example, no data was available for the machine failure rate. 

Furthermore, it was not possible to validate the model against real time data. Collecting new 

data in the production stress test made it although possible to evaluate the model. 
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For building the simulation model, Siemens Plant Simulation was used. The software structure 

includes a Sourcing entity – where raw material is inserted into the factory model. The sourcing 

interval was set according to the present values. The Processes entities is representing each 

machine in the factory, which performs several processes according to a Method. The methods 

set different operation and setup-times for different operations made in the same machine. At 

the end of the production line, a Draining entity is placed. It deletes the finished products from 

the simulation, and thereby counts the products that has been produced in the factory. 

The model structure is displayed below, showing Machine A-E and ten buffers named Buffer 

1-10. In the simulation, Process 1-9 are included. This is done because of the close cooperation 

with Company Y. For a snapshot of the simulation model, see Figure 15. 

 

Figure 15. A general overview of the simulation. 

6. Production KPIs are not established to follow up operational targets within the 

production or to supervise production rate, quality, etc. R&D KPIs does exist. 

Product and production specific KPIs were selected and implemented to be used as measures 

for continuously following up the production over time. The established KPIs are based on the 

literature review, studying the ISO standards for production and on company specific goals. 

Some of the chosen KPIs are more general, e.g. production volume, while others are more 

specific for the manufacturing of the product of Company X, e.g. module yield. Due to the 

early stage of the production, the chose KPIs are constantly evaluated to be factual and relevant. 

They could change or be removed if e.g. recognised as no longer applicable, impossible to 

monitor correctly, etc.  

For the production stress test, following KPIs was monitored and compared with earlier output 

values: 

• µP out (Mean value Pout [µW/cm2], i.e. the power possible to derive from the module) 

• σ P out (Standard deviation Pout, i.e. the deviation of mean value – process stability) 



   

 

28 

 

• Module yield2 – ratio of approved and produced modules. 

• Scrap Rate – percentage of raw material not used for product 

• Throughput time in the factory [days] 

 

7. Risk analysis of the external supply chain, internal logistics or operations are in the 

pipeline but have not yet been performed. 

As previously mentioned, reviewed literature emphasises the awareness of potential risks 

during a production ramp-up and continuous production. Therefore, several risk analyses were 

performed using the chosen FMEA approach, described in chapter 2.4.  

A Process FMEA pilot was done on Process 4, in cooperation with the process engineers. 

Firstly, a scale for grading the occurrence, severity and detectability was agreed upon, 

established by the aggregated knowledge form prior experience of the process. Thereafter, the 

risks connected to each process operation step was identified and graded. The grading of the 

risks was done by the process engineers and operators responsible for Process 4. Figure 16 

shows the frequency of each RPN value obtained from the operations in Process 4.  

 

Figure 16. The distribution of RPN values obtained for each sub operation in Process 4. 

The minimum RPN value on the scale is 0 and the maximum 125. The highest obtained RPN 

was 75. Table 9 displays the top three most critical risks observed. 

Table 9. The operations in Process 4 with the highest RPN value. 

Operation 
Operation 

description 
Failure mode Failure effect 

Failure 

cause 
O S D RPN 

Decided 

action 

Observe 

coating 

quality 

Optical 

inspection 

every 5 min of 

the layer quality 

Poor alignment 

(pattern matching) 

Poor 

performance 

Slot die set-

up, Web 

movement 

5 5 3 75 Automatic 

supervision 

of 

alignment 

Mixing 

Chemicals 

Mixing 

chemicals 
Contamination of 

ink 

Bad Ink Unclean 

equipment 

2 5 5 50 Follow 

instructions 

Labelling Labelling of 

chemicals/ink 

Wrong, Forget, 

Incoherence, 

Incomplete 

Mix up of 

chemicals 

Lack of 

SOP 

2 5 5 50 - 

                                                 
2 For definition, see Appendix 2 – Definition of Scrap Rate & Module Yield. 



   

 

29 

 

The following benefits was derived from the FMEA pilot during the preparations for the 

production test: 

• Documentation of all the process steps down to a high level of detail. 

• Enlightenment of process failure modes, which is the very core of FMEA. 

• Detection of other potential risks linked to e.g. inventory and traceability. 

• The above three points contributes to organisational learning when individual or expert 

knowledge becomes organisational knowledge. 

• The FMEA was a starting point for discussion between process experts, other company 

functions and management. 

• Clarification of prioritising order concerning improvements and quality work. 

• Concrete suggestions for process improvements were discussed. 

• The failure causes could be clustered together by its origin. Lack of standardisation, the 

human factor and machine or equipment failure/breakdown were in this case identified 

as three general causes of failure. 

• The need for standardisation was highlighted. 

• The need for “human factor management” was highlighted. 

• The need for investigating machine and equipment reliability was highlighted. Hence, 

the FMEA could be used to support in the decision making of new investments. 

• The overall scoring trend implies a low occurrence, high detectability but a high 

severity of the failure modes. 

• The PFMEA constitutes a foundation for future action plans concerning process 

development and hence also product quality. 

The five major challenges identified during the pilot are: 

• High investment cost for the decided actions. An internal review is required to decide 

which investments that gives the best possible return of investment (ROI). 

• That the RPN value may not always reflect the actual risk, which should be taken into 

consideration when deciding upon an action plan. 

• To further investigate actual root causes for the most critical risks. 

• To continuously update the FMEA document and follow up on the decided actions. 

• To collect process data to determine strict intervals for the occurrence, severity and 

detectability scales. It would in the future secure a more accurate classification of 

failure modes. 

 

8. A major part of the knowledge concerning the processes are possessed by the 

employees and is not documented.  

A critical task during Phase 2 was to extract information concerning the processes from the 

employees working with development and production. Independency from individuals is 

important in a long-term perspective, as well as having a well-documented process for both 

development and reproducibility purposes. At the same time, too much documentation and 

paperwork will consume valuable time from more urgent tasks, and hence it must be a balance 

between documentation and data collection versus less or no documentation. Documentation 
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of relevant production data was also widely discussed, due to its usefulness for production 

planning and the need for monitoring KPIs. 

Literature illustrate the significance of having a standardised working procedure, and thus 

achieving higher efficiency during production. Standard operation procedures (SOPs) was thus 

written for every process step. Either a full version covering a high level of details, or a light 

version covering the main element of each process. 

Other documents created, such as the FMEA risk analysis, also serves as a base for knowledge 

acquisition. The documents were helpful in creating a common view of the process steps and 

current production situation, and work as a baseline for sharing know-how between co-

workers. To share learnings and knowledge is important to increase the learning speed and 

thereby improve the learning curve, which is proven to be a critical factor for succeeding in a 

ramp-up process. 

5.3 Production test results 
The objective with the production stress test was to get experience from how to handle a 

continuous production, and to test the methods implemented during the test preparations.  

It was, already before starting the test, clear that it would be some hurdles along the test. As 

predicted, the production stress test was not run entirely without issues. The main target of 

having three rolls coming out of the production was met, but some delays and machine 

breakdowns was experienced along the test. Only two out of the three rolls could be quality 

controlled in Process 9. 

Before and during the test, production data was collected. Quantitative data was generated from 

the quality control testing in Process 9 and the POR, and supplemented by collecting qualitative 

data, such as field notes and opinions from employees. The result is based on the joint 

assessment of all compiled data and experiences from the implementation and production test, 

which are presented below. 

KPIs 

After introducing production KPIs, the chosen metrics was monitored by collecting associated 

data during the test. Gathered data were compared to the earlier values. The results of 

monitoring the KPIs over time (from mid-March to end of May) is displayed below: 

• µP out: Increased more than 50 % 

• σ P out: Decreased 33 % 

• Module yield: Increased 15 % 

• Scrap Rate: Decreased 6 % 

• Throughput time in the factory: Decreased 10 days 

By monitoring KPIs it was clear that the production trends and development can be followed. 

In this test, monitoring the KPIs has been considered as a powerful and motivating tool to see 

trends over time. 
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Stand-up meetings 

The qualitative analysis on the effect of daily stand-up meetings did show a very positive 

attitude among the participants. Survey answers were consistently positive and classed the 

concept as “Good”, “Fun” and “Helpful”. Deviations from the schedule were possible to detect 

early and it was said to “Contribute to a factory feeling”. 

Standardisation 

During the test preparations, several attempts to standardise the production was made. For 

example, buffer zones were established, SOPs were written, and new ways of logging data was 

tested. 

The inventory levels at every buffer was frequently controlled during the week to assure that it 

contained the expected level of goods, which it did during the test week. The qualitative results 

were positive, but also indicates that the implementation was initiated too early.  

Similar results were obtained for the SOPs. “Has given us decent reproducibility” and “Good, 

but some steps will change in near future” are two comments from the production team. 

Although a first draft exists for most of the processes, they were not applied or followed in the 

daily operations during the test. 

Logging and collection of production data was considered as “Helpful” and “Necessary”, but 

also “May be used of use at a later stage“. Other comments such as “Absolutely positive to 

have this data in order to analyse the process.” and “Important for continuous improvements” 

were submitted in the survey. However, the logging was not fulfilled for all three rolls and their 

respective POR. For the first and second POR, several data points were missing. During the 

third production run, it was although completed. 

Production Planning 

The production schedule was intended to be followed and serve as a guideline for future 

production planning. Due to the small amount of data available, deviations from the schedule 

were however expected. As mentioned earlier, the total setup time was scheduled to be 5h 

35min, the process time 6h 30min and the overall production time 12h 5min. During the test, 

the average setup time was 4h 38min, the average process time 10h 28min and the average 

overall time was 15h 18min.  

Four main reasons led to that the schedule was not followed, which are listed below:  

• Miscommunication: The information, e.g. the start time for an operation was wrongly 

interpreted when communicated. 

• Misinformation: Information and planning constraints was not identified before the 

production test; hence the schedule was not suitable for some operations. 

• Machine breakdowns or errors: Unexpected problems with machines or other 

equipment leading to further delays. 

• Intentional deviations: Operations starting before intended, due to lack of other tasks. 
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5.4 Additional results 
Except from the results obtain during the production test, there exists additional results from 

the preparatory work to consider in the evaluation.  

FMEA 

The Process FMEAs made during the spring was intended to be iterated before the production 

test. By prioritising and acting on selected failure modes, a new estimation of the RPN values 

was supposed to take place adjacent to the test. New input for the occurrence, severity and 

detectability was supposed to be collected, to better estimate the FMEA grading scale. 

Because of the narrow time frame and a tight schedule, this work was not prioritised. Survey 

results are aligned and confirms the priority order. It implies that it was too early to create such 

detailed risk analysis of each step in the operations. Furthermore, quotes from the production 

team states opinions like “Took a long time and the significance of the work was hard to 

explain”. 

The flow simulation model 

The flow simulation model was not used during the test week, but as an attempt for predicting 

its output. As earlier mentioned, the model predicted a total throughput of 218 modules, which 

is considered as too low. 218 modules can be compared to 600 modules, predicted by the 

production team. During the test, 500 approved modules were produced from the three rolls. 

Besides predicting the output, the model was used to visualise bottlenecks and to show machine 

utilisation, divided into setup- and run-time. Similar results and diagrams were however 

obtained using an Excel file. 

The intention was furthermore to acquired data from the production test to iterate the simulation 

process, and extend the results to one year of production. It was however not a prioritised task, 

since its utility was considered as low. 
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6. Discussion and Conclusions 
The current team at Company X originates from the field of research within engineering 

physics or engineering chemistry. At the same time, there is no one employed with a major 

industrial production and operations background. During this project, the industrial production 

perspective was therefore explored and studied, to understand the obstacles and issues related 

to the manufacturing of products. 

Throughout the case study, the production perspective was given more time in the spotlight. 

With this new perspective, a small, but not insignificant change in the company culture was 

taken place. To think in more industrial terms, instead using a small-scale lab perspective, was 

both useful before and during the production test. 

When evaluating the results presented in the previous chapter, six criterions were used. Those 

are based on requirements identified during the case study, as well as important factors at the 

company's current state in becoming a manufacturing company. The criterions identified as 

important for each method are stated below: 

The method must… 

• Be economically justifiable 

• Be time efficient 

• Contribute to a quality improvement 

• Increase the level of organisational learning  

• Contribute to a cultural change towards a more industrial mind-set 

• Contribute to standardisation of processes or work 

Monitoring KPIs 

The monitoring of KPIs was evaluated as economical justifiable because they do not require 

any or just small investments. They do increase the organisational learning in terms of raised 

awareness of progress in the development, and they are also written down and possible to track 

afterwards. The KPIs themselves do not increase the quality of the product, but they facilitate 

transparency and possibilities to compare results over time. Monitoring the KPIs also 

contributes to a small cultural change among the employees. The survey answers regarding the 

KPIs has showed that the employees find monitoring the KPI necessary which indicates that it 

has been a small transition towards a more industrial mind-set. To monitor KPIs contributes to 

standardisation because it is known every production round what should be supervised. 

Stand up-meetings 

To perform the meeting, the only investment made was the production whiteboard. It was a 

highly efficient way to communicate daily targets, since they were short and with a predefined 

agenda. Using the meetings for discussions concerning continuous improvements would 

potentially, on a long-term basis, also contribute to quality improvements.  

A way to follow-up and document learnings from the stand-ups is needed for an increased 

organisational learning. The meetings become a standardised way for the participants to get 
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fast access to updates and feedback from the production. One of the biggest benefits was 

although the contribution to a more industrial feeling in the factory and in the production team. 

Standardisation 

Activities involved in the standardisation work was the writing of SOPs and templates for data 

logging and the implementation of buffer zones. Several of the other activities, like the FMEA, 

could also be considered to increase the level of standardisation. The purpose was to increase 

the repeatability and traceability, and increase a baseline for future development. 

Time and effort were the two necessary investments needed in this project to increase the 

standardisation level. The documentation process was the most time-consuming part, and it 

will also require time in the future too keep the documents updated. Performing the activities 

did influence the mind-set and culture, as it became clear that future customers will demand a 

certain level of standardisation and that it could work as a risk mitigating action.  

Sharing the same standards within the organisation will furthermore decrease the dependency 

on employees, as individual knowledge becomes best practises. If the high individual 

knowledge possessed by the process experts went lost, it would have major consequences on 

the company. 

Production Planning and Scheduling  

During the production stress test, described in the case study, it become clear that the current 

production redundancy is not very high. Today, with one manufacturing line, the production is 

very sensitive for disturbances and if one machine is currently out of operation, the production 

will be interrupted and stay idle. The production planning was executed with the hybrid 

solution and the creation process was uncomplicated. The schedule was however not followed 

at every point. This was predicted from before the test because of the prior lack of experience 

on a scheduled production. To perform a production planning and scheduling is important for 

becoming an industrial manufacturer.  

The hybrid solution was created without having to invest in additional software licenses, which 

made the planning tool economical justifiable. Furthermore, it was also considered time 

efficient when using the tool due to the user-friendly drag-and-drop function. The quality 

improvement is considered marginal but could lead to possible bi-effects due to shorter 

processing of the products. It was considered to highly boost the organisational learning 

because it became very clear how much time is spent on each operation. The responses the 

employees gave in the survey implied that the production planning outcome was helpful for 

further production improvement and development, but also indicated that it was rather early to 

implement. It was clear that it is important to build the schedule upon a larger historical data 

set and this will soon be necessary. The production planning could smoothly be implemented 

to become the standard procedure for planning. 

FMEA and Risk Analysis 

A FMEA was created for process step 4 was and considered as partly economical justifiable, 

because of the time it takes from the employees to finish the analysis. It does not require any 

investments just by using the method itself. The FMEA is though ranking the risks and could 
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support the decision making regarding new investment and hence highlight the most important 

ones which enables a smooth production. 

It is neither considered time efficient, because of the time it takes to complete. If the processes 

the FMEA is conducted upon is not verified and will change in a short horizon, the FMEA 

consequently must be repeated which is a waste of time. Hence, the method is most suitable to 

designate the time of completing if the FMEAs are created when the processes are verified and 

set.  

It could contribute to improved quality, because it highlights the risks connected to the 

operation and hence increases the awareness of the potential difficult or hazardous operations. 

It is possible that the FMEA increases the organisational learning because the operations and 

working procedure are written down. It gives, at least the employees performing the risk 

analysis, a chance to reflect on the standard working procedure and it may contribute to a more 

industrialised mind-set. Performing risk analysis also supports in the standardisation work 

because the work is written down and could serve as a base for a SOP.  

It may be more feasible an early stage to perform a less detailed risk analysis instead of the 

FMEA method. 

Flow simulation 

Investing in a software like Plant Simulation is extremely expensive. It also requires a know-

how to build satisfactorily good models, which in turn consumes plenty of time. As a start-up, 

it could therefore not be considered as relevant to make such an investment. If an extension or 

development of the factory is in the pipeline, a simulation tool could potentially save time and 

money by first building and simulating a digital model to monitor capacity. For simple flows 

with only one production line, similar result could however be obtained by using e.g. Excel. 

There are no indications of the model having any impact on quality, nor the level of 

standardisation. Having a model could potentially serve as a way of visualising production data 

and create a better understanding in the organisation as a communication tool. But its effect on 

organisational learning and company culture was in this project minor. 
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6.1 Final conclusions 
The aim of this project was to contribute to the industrialisation progress at the chosen 

company. By applying the methods used to target the identified challenges, and by running the 

production test to realise a continuous production for the first time, a higher degree of 

industrialisation was achieved at the end of the project. Which is also supported by the survey 

answers. 

The aim of this study was furthermore to evaluate if, or to what extent, conventional methods 

used within an established manufacturing process, already can be applied when preparing for 

production ramp-up and industrialisation, at the intersection of process development and pilot 

production.  

When a company starts its transformation from having a research based small-scale lab 

production towards an industrialised high-volume production, an additional perspective must 

be applied. Most important were therefore the change in mind-set, occurring as an effect caused 

by the synergies arising when all methods were used combined. 

The individual conclusion for the evaluated methods in this project is listed below. 

• Monitoring production KPIs is considered useful at an early stage of production, even 

if they are far from the targeted values. It is valuable for generating awareness 

considering production aspects already in the process and product development phase. 

• Production stand-up meetings are considered as a useful method for communication 

and feedback when launching an industrial production. 

• Standardisation is to a certain extent considered as useful. For a start-up and 

undergoing a transformation towards industrialisation, the trade-off between the level 

of standardisation and flexibility. 

• Production Planning and Scheduling is considered as useful, but not necessary, at an 

early stage production. If scheduling constraints can be used as feedback during process 

development and validation, major benefits could arise. 

• FMEA and risk analysis is considered as useful, but not necessary, at an early stage 

of the industrialisation of a manufacturing process. It is recommended to perform the 

FMEA on an already verified production process to avoid unnecessary rework. 

• Even though flow simulation in general is a powerful tool, it is not considered as useful 

for predicting production output and to visualise machine availability at such an early 

stage. To be accurate, a bigger dataset is needed. Instead, Excel could be used for the 

same purposes, to avoid investing in expensive software and spending time on learning 

it. 

At other companies and under different circumstances, the conclusions for each method may 

however vary. 
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7. Future recommendations 
There is an endless number of conventional manufacturing methods. In this project, six of them 

were tested. Future research may therefore test additional methods, and their effect on 

manufacturing start-ups.  

Especially, focus could be put on how to enforce activities adding value to the customer and 

how to eliminate waste before a high-volume production starts. Methods enabling a smooth 

communication and information flow are also particularly interesting, as both the company and 

the production team intends to grow bigger in near future. 
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Appendix 1 – Production Order Request 
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Appendix 2 – Definition of Scrap Rate & Module Yield 
 

 

Figure 17. Definition of Scrap rate 

 

 

Figure 18. Definition of Module Yield 
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