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Abstract:  
The increasing pace of technological change is creating significant disruptions in the marketplace. 
In these markets, successfully managing innovation has become a key competitive advantage. 
Global trends of low-cost manufacturing and environmental sustainability have made 
manufacturing innovations increasingly important. Many alternative manufacturing solutions are 
developed in not-for-profit institutions such as universities and research centers.  This has created 
a gap between the owners of new technologies and the potential beneficiary of the technology. 
Correctly asserting if an invention or technology has commercial potential is a challenging 
prospect.  

What methods can be used to evaluate the commercial potential of a new technology?  What 
important considerations and delimitations must be made to provide a reliable value estimation? 
How should the commercial potential be communicated to stakeholders, financiers and 
customers? If there is commercial potential, how do you successfully commercialize the 
technology?  

These themes are explored in this study. The question of how to estimate the value of an 
invention is investigated in the first section. Using a case-study approach and looking at a new 
manufacturing technology in the solar cell market an attempt to estimate the value is made. The 
results show that the innovation value can be estimated using a quantitative approach where 
benefits and costs are estimated using publicly available data. This approach was found to work 
well for technologies that are sustaining the current manufacturing paradigm but struggled to 
provide an accurate estimation for newer technologies. The process was found to require a diverse 
set of skills and to preferably be made by a co-founder team with technical and industry 
knowledge.  

The second section focuses on how an invention can be successfully commercialized. By 
interviewing firms who had developed and sold manufacturing innovations and were growing 
quickly. They were found to have started their companies together with their customers and 
having had a close working relationship with them throughout the process. Furthermore, they 
were found to have founding teams who were close friends prior to starting the company. The 
firms also stressed approved patents and timing of financing as key factors to their success.  

As technology transfer between universities and large industrial firms become increasingly 
important the questions of how researchers and inventors can commercialize their technologies 
will attract much attention. This study provides clear guidelines on how to approach the process 
of finding and commercializing new technologies from the perspective of the inventor.   

Keywords: Manufacturing innovation, value proposition process, commercialization of 
technology, university innovation, high-tech startup, Cleantech commercialization 
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1. Introduction 
The increasing pace of technological change is bankrupting former market leaders and 
transforming startups into billion dollar companies at a pace never seen before in history. 
Technology is becoming a crucial component in an increasing number of sectors in the economy. 
Soon there will be no sector that is not significantly impacted by the changes in technology. This 
new market dynamic is leading firms to look at the management and understanding of changing 
technological paradigms as a key competitive advantage. Yet, great companies continue to fail 
after completely missing some fundamental technological shifts. Understanding how and why 
firms succeed or fail at innovation is becoming increasingly important for firms. 

Although most commercial innovations happen at the firm level there is a growing interest for 
new technologies stemming from research environments such as universities. The term 
“entrepreneurial university” is being discussed by scholars and its role in commercializing new 
technologies studied (Rothaermel, et al., 2007). An effort from universities to support 
commercialization is shown by the increase in technology transfer offices and startup incubators. 
This trend may prove to be either an opportunity or a threat for established firms. The increasing 
number of startups challenging current technology leaders will increase competition and 
technological uncertainty. It will however also lead to the development of valuable products 
which can improve the profitability of established companies.  

A third factor affecting the process of innovation management and changes in technology is the 
recently emerged importance of taking environmental effects into consideration. Legislators and 
customers alike are pushing for companies to perform their activities in ways that have fewer 
negative external effects. This is forcing companies to make changes in their technology not 
simply to capture bigger profits but also to avoid future costs or blowback from customers. This 
has the potential to fundamentally change how new technologies are evaluated and may 
ultimately lead investment decisions to follow new patterns. The increased need for clean 
processes to replace more energy or emissions intensive technologies are creating a demand for 
technologies that may not have been feasible under previous market conditions. It is also forcing 
companies to devote time and resources into innovating in areas where they have limited expertise 
such as lowering energy intensity of the equipment they are using. Non-profit driven research 
institutions have a long history of innovating in search for benefits not necessarily related to 
profits but rather aimed at reducing the need for chemicals or energy. The recent environmental 
concern can therefore be expected to further push the universities’ role as important players for 
bringing new technologies to the market. 

The challenges of identifying and commercializing valuable inventions will remain a highly 
challenging prospect. Established companies and universities alike can be expected to benefit 
greatly from a better understanding of how and why the changing climate for innovation is 
affecting their business and how it will dictate their success. 
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2. Research focus 
Successfully commercializing new technology is notoriously difficult and requires significant 
investment in terms of capital, time and knowledge. This study aims to investigate the process of 
innovation and commercialization from the perspective of the inventor. Working with new 
technology, especially as a researcher at a university, puts one far away from the everyday use of 
the old technology that one hopes to replace. This puts the inventor in a poor position to 
understand and to evaluate the usefulness and value of the invention that is being developed. A 
key challenge for any commercialization attempt is therefore to identify and estimate the value of 
the invention. This step often requires deep insight into current technology. Even if the inventor 
understands the currently used technology well, crucial parts of information may be unknowable 
since firms may keep current costs and practices secret. So how can the inventor identify if his 
invention has commercial potential?  
 
The second focus of the thesis investigates how inventors can commercialize their inventions if 
the estimated value is believed to be high. What are the necessary and important steps to take in 
order to go from drawing to prototype to product? What skills does such a process require and 
what can be done to minimize the risk of failure?  
 
These questions will be investigated in the specific case of innovations in manufacturing processes. 
Developing and manufacturing a new product can be done in relative independence from other 
actors as long as funding is available. This case is therefore less complicated and more 
straightforward than innovations that are to be implemented in already mature manufacturing 
industries. In this case partnerships, collaborations and a strong network is likely to be crucial to 
success. Many technologies that offer environmental benefits are related to the processes 
industrial manufacturers use. By focusing on the specific type of innovation the analysis can 
provide insights into the important topic of commercialization of green technologies. 
 

2.1 Research questions 
The overall aim of this thesis is to answer the following research question:  
“How can valuable inventions in industrial manufacturing be identified and commercialized?”  

 
To answer this question sufficiently two sub questions will be investigated:  

 How can the value of an invention be estimated and communicated? 
 How did successful startup companies act in their commercialization process? 
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2.2 Delimitation 
The scope of the study is limited by several factors. The study is conducted over a period of about 
four months. This limited timeframe does not allow for anything but a small scope of study. 
Furthermore, the topics studied do not have a geographic connection to the area where the study 
is being performed. Ideally local sights would have been visited in the data collection process but 
this was not allowed due to constraints in financing and time.  
 
Furthermore, as described in the research focus, only manufacturing innovations are being 
focused on in this analysis. Although there may be common elements between these and other 
types of innovations such general qualities will not be considered or analyzed. The innovations 
studied herein are also assumed to be developed in a stationary environment. Other competing 
innovation may exist and factors such as time to market and market entry strategy may be very 
important concept for successfully commercializing a technology. These will be considered for the 
innovation that is being analyzed but not compared to competing technologies that may be 
developed in parallel. Finally, corporate strategy will not be considered as a value proposition tool 
in this report. 
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2. Literature review 
 

2.1 Introduction 
This section covers the academic literature on general innovation management, innovation of 
industrial processes and challenges in bringing innovations to the market. The current status of 
university spin-offs is also investigated and success factors mentioned in the literature listed.  
 

2.2 Innovation in economic theory 
In the classical economics of Adam Smith the economic order can be understood as a self-
regulating equilibrium. The price levels are an effect of current supply and demand and products 
are highly homogenous. This economic framework enabled many micro- and macroeconomic 
relationships to be determined and theories to be formed. However, the model lacked frameworks 
and explanations for sudden and dramatic changes in equilibria. Innovation and entrepreneurship 
was introduced into the economic model by several scholar but is often attributed to the 
economist Joseph Schumpeter. He popularized the term “creative destruction” to describe the 
effects of innovations on the ruling equilibrium. He observed that innovation could often have 
large short-term negative effects (destruction) but gave rise to new industries and improved 
efficiencies long term (creation) (Schumpeter, 1994). In Schumpeter's vision of capitalism, 
innovative entry by entrepreneurs is the disruptive force that sustains economic growth, even as it 
destroys the value of established companies and laborers that enjoys some degree of monopoly 
power derived from previous technological, regulatory, and economic paradigms.  

As the pace of technological change continues to increase creative destruction becomes all the 
more apparent in many industries. The last decade has seen the world leader in mobile phones 
(Nokia) become largely irrelevant in for the fastest growing mobile phone segment of 
smartphones (Wired, 2011). The internet is replacing a great number of traditional services, most 
notably threatening content providers such as encyclopedias, newspapers and TV. As industries 
are reformed, redefined and created within a few years, managing innovation has become crucial 
for long-term success. Managing technological change remains one of the key challenges for many 
firms (Maidique & Zirger, 1984). The following sections will review the literature on how 
innovation of industrial processes can be understood and what the challenges in succeeding in 
implementing the innovations are.  

2.3 How successful companies fail at innovation 
As noted previously, managing technological innovation is a major challenge for many firms. In 
his classis book “The innovators Dilemma” (1997) Clayton M. Christensen describes his study of 
why large and previously successful corporations fail. Christensen’s identifies several trends 
regarding innovation and the success of new and established firms. The first trend described is 
that the innovative leader of one technology most of the time fail to capitalize in the next 
generation of the technology. This creates a cyclical pattern where the initial innovator loses 
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market share when other firms bring innovations to the market. Christensen’s research is aimed at 
understanding why companies that initially were great innovators end up losing due to a lack of 
innovation. The book categorizes innovations into groups: sustaining innovations and disruptive 
innovations. The sustaining innovations are the types of improvements that give the current 
technological paradigm a longer life. This may be product or process innovations that make the 
current technology more competitive towards competing technologies. Disruptive innovation on 
the other hand is technological change that is significantly different from the current type of 
technology. Christensen’s study of disk drives shows that the market leaders almost exclusively 
develop sustaining innovations whereas the disruptive innovations were developed by new 
entrants. This leads to the pattern described above, as a disruptive technology replaces an older 
technology the market leader loses significance and a new entrant takes the market leader spot. 
Similar results were found in software markets and in the mechanical excavator industry.  

Christensen asks what it is about being a successful market leader that makes one unable to 
compete in several technological cycles. The title of the book, the innovators dilemma, refers to 
this paradox. Christensen suggests that the fact that successful companies are well run, make 
smart decisions and have a close contact with their customers make them unable to develop 
disruptive technology. Disruptive technologies share common characteristics that make them 
seem unattractive to large companies. New technologies perform worse than current technology 
and they serve a small market. From the market leader perspective such technology will neither 
compete with their products, nor offer a big opportunity for growth. However, what is often 
missed is the technical trajectory (i.e rate of technical improvement) as well as how new 
technology should be evaluated. Using current customer demand for understanding new 
technologies will usually lead to the conclusion that these innovations do not serve a customer 
need. In the case of hard drive, small hard drives with very limited storage capabilities were 
developed by market leaders and new entrants alike. The market leaders however, concluded after 
discussions with their big customers, who needed large amount of storage, that the technology 
was not useful for their customers. New entrants on the other hand found a small market for their 
products, the personal computer. In this product category size was of equal important to storage. 
The market was initially very small but quickly grew to be bigger than that of mainframe 
computing, displacing and replacing the previous dominant players for computer storage. 
Christensen argues that the close relationship with its customers forces market leaders to stay in 
the current technological paradigm. They are “trapped by their customers”.  

Christensen outlines some guidelines for better innovation management. Firstly, one must be 
aware that today’s customers will not lead you towards developing technologies that they 
themselves do not know about. Even if a new technology does not service their needs today it 
may very well serve their needs tomorrow. Secondly, each technical innovation must be matched 
with the right market. Rather than trying to force the disruptive technology to replace the current 
standard focus should be in finding the market segments where its characteristics are valuable. 
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Finally, the size of the organization should match the size of the market. A company serving a 
small market needs to be informal in order to move quickly and innovate at a high pace. 
Christensen therefore advices market leaders to develop disruptive innovations in spin-off 
companies. These companies can be small enough to be excited about small markets and small 
wins. (Christensen, 1997) 

2.4 Different types of innovation  
Scholars realized early on that innovation can take many different forms. Schumpeter identified 
five different types of innovation: Introduction of a new product or a qualitative change in an 
existing product, process innovation new to an industry, opening of a new market, development 
of new sources of supply for raw materials or other inputs and changes in industrial organization 
(Drejer, 2004). The Oslo Manual, aimed at enabling benchmarking of innovation research, 
decided to concentrate on the first two types of innovation (Rogers, 1998).  The Manual defined 
a technological product innovation as involving either new or improved products whose 
characteristics varies significantly from previous products. Process innovation on the other hand 
was defined as new or significantly improved production methods, including methods of product 
delivery. The word “new” and “improved” applies to the current state of the firm and is not 
meant to be used in comparison with its competitors. The word technical is used to distinguish 
this innovation from innovations in management and organizational structures (Rogers, 1998). 
This definition is suitable for the topic of this thesis given the market that is being studied. It also 
enables direct application of the concepts developed by James M. Utterback which are discussed 
in the next section.  

2.5 Process of industrial innovation: 
In his classic book “The process of industrial innovation” Utterback suggested that the rate of 
product and process innovation varies over the lifecycle of a market. When a new market is 
created for a product or service, the concept, design and scope of that product is still not well-
defined for customers or producers. Utterback calls this the fluid phase. For example, before the 
car became known as a vehicle with four wheels and a gasoline engine, many types of design were 
tried and sold. Once a dominant design emerges the rate of product innovation falls dramatically 
and focus is shifted towards finding better manufacturing solutions. This phase is called the 
transitional phase. Continuing with examples from the car industry, in this phase Henry Ford 
invented his assembly line manufacturing method that enabled cars to be made very cheaply. 
Finally, both product design and manufacturing process is standardized and the market settles 
into the specific phase. In the specific phase, any change in the product or manufacturing process 
is very costly. Huge investments have already been made in the current technology and trying to 
develop better processes are certain to be very expensive but never certain to succeed. Another 
important transition is that of the management of the firm. In the fluid phase entrepreneurial 
ability is likely to be key whereas the specific phase is defined by a focus on efficient 
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administration. The original entrepreneurs and managers are likely to leave the firm in the 
transitional phase because of this shift. The model is summarized in the figures and tables below:  

 

Figure 1. Utterback Product & Process Innovation model Source: (Utterback, 1996) 

 

2.5.1 Summary Utterback model of innovation  
Product From high variety, to dominant design, to incremental innovation on 

standardized products 
Process Manufacturing progresses from heavy reliance on skilled labor and general 

purpose equipment to specialized equipment tended by low-skilled labor 
Organization From entrepreneurial organic to hierarchical mechanistic firm with defined 

tasks and procedures and few rewards for radical innovation 
Market From fragmented and unstable with diverse products and rapid feedback to 

commodity-like with largely undifferentiated products 
Competition From many small firms with unique products to an oligopoly of firms with 

similar products 
Table 1. Utterback Model summary Source: (Utterback, 1996) 
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2.5.2 Utterback innovation model extended:  
 Fluid phase Transitional phase Specific phase 
Innovation Frequent major 

product changes 
Major process changes 
required by rising 
demand 

Incremental for products and 
with cumulative 
improvements in 
productivity and quality 

Source of 
innovation 

Industry pioneers; 
product users 

Manufacturers, users Often suppliers 

Products Diverse design, often 
customized 

At least one product 
design, stable enough 
to have significant 
production volume 

Mostly undifferentiated, 
standard products 

Production 
processes 

Flexible and 
inefficient 

Becoming more rigid, 
changes occurring in 
major steps 

Efficient, capital intensive, 
rigid, high cost of change 

R&D Focus unspecified 
because of high degree 
of technical 
uncertainty 

Focus on specific 
product features once 
dominant design 
emerges 

Focus on incremental 
product technologies, 
emphasis on process 
technology 

Equipment General purpose, 
requiring skilled labor 

Some sub processes 
automated, creating 
islands of automation 

Special purpose, mostly 
automatic, labor focused on 
tending and monitoring 
equipment 

Plant Small-scale, close to 
source of innovation 

General-purpose with 
specialized sections 

Large-scale, highly specific to 
particular products 

Cost of process 
change 

Low Moderate High 

Competitors Few, but growing in 
numbers with widely 
fluctuating market 
shares 

Many, but declining 
in numbers after 
emergence of 
dominant design 

Few, classic oligopoly with 
stable marker shares 

Basis of 
competition 

Functional product 
performance 

Product variation, 
fitness for use 

Price 

Organizational 
control 

Informal and 
entrepreneurial 

Through project and 
task groups 

Structure, rules and goals 

Vulnerability 
to industry 
leaders 

To imitators and 
patent challenges, to 
successful product 
breakthroughs  

To more efficient and 
higher-quality 
producers 

To technological innovations 
that present superior product 
substitutes 

Table 2. Detailed Utterback model summary Source: (Utterback, 1996) 
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2.6 The technology adoption life-cycle and the chasm  
In 1962 Everett Rogers published the book “Diffusion of Innovation” which presented a model 
of how innovation spreads. This model proposes that the consumer group consists of a number of 
different personality types that affects each group’s attitude towards innovations. The model 
postulates that the consumer group is bell-shaped; the large majority are neither early nor late 
adopters, but in middle. The first to adopt a new technology is a very small group called 
innovators, and a slightly bigger group called early adopters follows, leading the technology into 
the majority segment (Rogers, 2003). The model is shown in the image below. 

Figure 2 Technology Adoption Lifecycle. Source: wikimedia.org 
 
Geoffrey A. Moore published the very successful business book “Crossing the Chasm” (1998) 
based on this model. His contribution to the model was the idea of the “chasm”, shown in the 
image above. He argues that many technology innovations fail despite attracting initial interest 
because the management does not understand the unique challenges involved in crossing the 
chasm – going from enthusiast to early majority. Moore argues that understanding the difference 
in mentality between the consumers on either side of the chasm is crucial for successfully 
establishing an innovation on the market. He presents a number of mistakes that companies tend 
to make. The first is expecting linear increase in sales based on the initial purchases from 
innovators and early adopters. These sales are likely to suddenly and unexpectedly drop when the 
initial enthusiast market has been reached. Trying to increase sales with the same strategies as 
when addressing enthusiast will not work, because it is the consumers on the other side of the 
chasm that needs to be reached, and these customers have very different reasons for buying 
products. Moore states that crossing the chasm is the biggest challenge for most technology 
innovators and it requires substantial capital, strategic planning. A common mistake is to be at 
the weakest point when reaching the chasm, having expanded and invested heavily based on the 
first sales and having little resources and strategy ready when sales start decreasing. Moore argues 
that the key to building chasm crossing strategies is to understand that your product has to 
change drastically to appeal to the early majority segment as compared to the early adopter. The 
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innovators and the early adopters do not care too much if there are problems with the product 
initially or if it hasn’t been thoroughly proven to work. In fact, in the case of the innovators that 
is likely to be one of the reasons they buy the product in the first place. The early majority on the 
other hand are driven by practicalities. They are content with waiting and seeing what fads 
become established on the market. If they have a working system they are not eager to replace it 
unless the placing system has been proven to work and seem to be easy to switch to. Early 
majority does not like to do business with firms that are not established, but once they are doing 
business with a firm they are loyal customers. Establishing yourself in the eyes of the early 
majority requires time and investment in marketing direct towards specific market segments.  

Moore argues that the key strategy in successfully crossing the chasm is finding and focusing on a 
niche market. Being established on one small market provides many advantages over having an 
equal amount of customers spread out over many different markets. The big value of being 
established is that the company builds the résumé needed to impress the early majority. Once the 
innovation is established on the first market it has a footing from which to approach another 
segment. Moore complements this strategy with several strategic and product considerations 
(Moore, 1999).  
 

2.7 Innovation in manufacturing technology 
There is a large body of research related to product innovation and the importance of innovating 
effectively to stay competitive. However, innovation in the manufacturing processes has received 
little interest from scholars (Hatch & Mowery, 1998). Hatch and Mowery (1998) noticed that in 
the semiconductor industry manufacturing innovation was what made product innovations 
possible. They studied success factors in implementing new manufacturing methods with a 
sample of over 30 manufacturing sites. They found that the key factor for success was the 
allocation of engineers to “debug” the new process. This creates a trade-off situation where focus 
must be shifted from mature processes to effectively implement a new process. Certain factors 
were found to affect the learning rate of the new process, for example having a development site 
close to manufacturing had a large positive effect and the learning was highly proportional with 
manufacturing volume. However, the differences between firms could not be explained by 
differences in human capital alone, indicating that organizational differences also play a role. This 
was examined in a study by Schroeder, Scudder and Elm (1989) where they investigated 
manufacturing managers’ attitude towards process innovation. With a sample of 65 managers 
they found 37 different definitions of what manufacturing innovation was perceived to be. The 
difference in definitions showed a large variety of perspectives on what managers expected from 
investment in process innovations. In the following section the authors investigate how 
manufacturing innovations are to be measured. They conclude that a successful innovation 
should have a measurable impact on one or more of the following metrics:  1. Manufacturing cost 
as a percent of sales (price deflated) 2. Unit cost of manufacture 3. Quality of conformance 4. 
Productivity (output per employee) 5. Service levels 6. Inventory turnover 7. Flexibility. Finally, 
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the authors create a model for improving the manufacturing innovation. By having the right goals, 
organizational structure, culture and allocation the authors believe that process innovation can be 
drastically improved, which in turn will improve the competitiveness of the firm.  

2.8 The university as an innovator 
The role of public research institutions such as universities in developing technologies with 
commercial potential is becoming increasingly important. Politicians and universities are 
investing in programs aimed at bringing technology from “the lab to reality”. To investigate the 
effectiveness of such programs Scott Shane published a review of available studies in his book 
“Academic Entrepreneurship” (2004).  The review shows that university spin-offs have a much 
higher success rate than other startup companies. For example, almost 20% of the spinoffs from 
MIT founded from 1980 to 1986 went public, which is over 250 times more likely compared to 
the average startup company. Moreover, the study shows that university spinoffs are an efficient 
way to commercializing university technology. Shane (2004) summarizes the factors influencing 
spinoff success significantly into six categories. These are shown below:  

Human Capital: 

 Founders that are highly motivated with management and specific business knowledge 
leads to higher chance of success 

 Multiple founders increase performance, preferably inventors plus business partner 
 CEO with experience of running a business crucial 
 Knowledge of how to do product development and production 
 Maintaining inventor involvement crucial for success 
 Having the entrepreneur work full-time with the company 

Overcoming technology push problem: 

 Focus on developing products rather than technology 
 Identifying specific market application  
 Focused on assessing and satisfying customer needs 

Obtaining adequate financial capital: 

 Performance of spinoffs directly related to the amount of funds it raised 

Securing university support: 

 Continued support from the university increases chances of success 

The effect of technology: 

 Securing strong patent and IP protection 
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Effect of firm strategy: 

 Companies that were able to follow market and adjust for changes in customers need 
performed better 
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3. Method 

3.1 Introduction 
In this section the method used for investigating the posed research questions will be described 
and discuss. The thesis is divided into two different sections. The first section will answer the first 
research question: How can the value of an invention be estimated and communicated? The 
second section of the thesis will investigate the second research question of how inventions can be 
successfully commercialized.  

3.2 Section one: Estimating the value of an invention 

3.2.1 Choice of methodology 
Assessing the economic value and commercial potential of an invention is notoriously difficult. 
The first part of the thesis will investigate what steps an inventor might take to investigate the 
value of his invention. This process is likely to differ depending on what type of invention one is 
looking at. The focus in this thesis will be on finding a quantitative answer to the question of 
economic value. Qualitative approaches are a valid option for exploring what the process might 
look like but the actual estimation must have a quantitative answer. Therefore this section will be 
performed with a quantitative approach of using the best available data on price and costs in the 
market where the invention may have relevance. The limited scope of this thesis leads to a 
limitation of the number of inventions that can be studied. Although a comparison between the 
estimation process and the result between different inventions would be relevant such analysis is 
not within the scope of the report. The value proposition generation process will instead be 
investigated using a case-study approach where a single invention is studied. By focusing on a 
specific case a real example can be used and the challenges with that case can be analyzed. 

3.2.2 Benefits and challenges of using a case study 
The case-study methodology is a common approach in social sciences where complex social 
situations cannot be answered well using only quantitative methods. By including both 
quantitative and qualitative data, case study helps explain both the process and outcome of a 
phenomenon through complete observation, reconstruction and analysis of the cases under 
investigation (Collis & Hussey, 2009). Case-studies are common in the management literature 
where articles and books are published with analysis of a phenomenon based on single or multiple 
case-studies at specific companies. Yin (1984) defines the case study research method “as an 
empirical inquiry that investigates a contemporary phenomenon within its real-life context; when 
the boundaries between phenomenon and context are not clearly evident; and in which multiple 
sources of evidence are used”. Given the scope of this thesis and the research questions at hand 
the case-study approach is an appropriate methodology using the definition above.  

The case-study methodology has several disadvantages. Two types of arguments against case study 
research is discussed by Yin (1984). First, case studies can often be accused of lacking rigor. Yin 
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(1984) notes that “too many times, the case study investigator has been sloppy, and has allowed 
equivocal evidence or biased views to influence the direction of the findings and conclusions”. 
Second, case studies provide very little basis for scientific generalization since they use a small 
number of subjects.  

3.2.3 Documentation and analysis of data  
The data comes mainly from public available information such as industry reports, books, 
scientific articles and disclosed information about leading companies. Some data will also be 
collected through informal interviews and inquiries with relevant companies’ customer service. 
Estimations and assumptions will be made using as many reliable sources of information that 
could be found. Any estimation that is made based on the author’s own judgment will be clearly 
indicated as such.  

3.2.4 Case study design 
The case study will consist of seven different steps. The first step is to select the market that is 
going to be studied. The second step is to choose an invention in this market to estimate the 
value of. The third step is to identify what the possible uses for the invention are. The fourth step 
is to estimate the size of the economic opportunity in each application area. The fifth step will be 
to evaluate the feasibility of implementation of the invention in each application area. The sixth 
step is to estimate the value of the invention if implemented in each application area. The seventh 
and final step is a discussion that summarizes the results, their validity and the method used to 
generate them. The criteria used in each step will be described in the case study itself. The case 
study steps are shown on the next page 
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Select market/case 

Select manufacturing innovation 

Identification of applications

Estimating opportunity size of each 
application area

Analysis of implementation 
feasibility in each application area

Estimation of innovation value if 
implemented in each application area

Results discussion
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3.3 Section Two: What can be learned from firms experienced in 
commercialization?  

3.3.1 Choice of method  
The second section will study how an invention can be commercialized. Unlike the previous 
section this question cannot be answered well with a quantitative approach. The success and 
failures of any business is known to be highly affected by timing, chance, economic climate and 
other external forces. Even large samples of startups have been unable to give a clear picture of 
what successful companies do different from failed companies. This thesis will therefore 
investigate this issue using a qualitative case study approach. A few companies with experience in 
commercialization of new technology will be interviewed and conclusions will be drawn based on 
their experiences. 

3.3.2 Semi structured interviews  
The data collection process for the second case study will be semi-structured interviews. Semi-
structured interviews allow the interviewer to inquire deeper into certain topics depending on the 
position and knowledge of each interviewee. The free format of data collection makes it suitable 
for topics that are highly complex and where preconceived notions about what to ask may 
determine the result of the inquiry. Semi structured interviews are however a time consuming 
method of collecting data and the amount of information generated makes the data difficult to 
analyze (Collis & Hussey, 2009).  

The interview questions are based on the available literature on commercialization as reviewed in 
the literature review as well as experience about the first major milestones for startup companies. 
These questions are however mainly to be used as starting points for the conversation and can be 
found in appendix I.  

3.3.3 Interviewees and selection criteria 
The quality of the case study will be dependent on the finding suitable companies to interview. 
As described in the research focus the ideal firm to interview has commercialized a process 
innovation for a mature manufacturing industry. However, such companies are likely to be 
difficult to locate since they may not have their own products which makes their presence to 
consumers limited. Therefore companies with challenges similar to such firms will also be 
considered for the study. There is also a risk of only studying successful companies since failed 
companies are much harder to identify and locate. When searching for suitable companies to 
interview an effort was made to find at least one failed commercialization attempt. However, after 
a thorough search one such company was found, the former founder was not available. The 
number of interviews performed was limited by time and the availability of suitable interviewees.  
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3.3.4 Interviewees  
Applied Nano Surfaces develops a nanotechnology process that is to be used by the car industry 
to reduce friction between surfaces in the car. The founder and CEO of the company, Mattias 
Karls, was interviewed.  
 
Siox Machines sell industrial manufacturing solutions using liquid CO2 processes. They are 
aiming to replacing dirty and inefficient manufacturing solutions with their process in industries 
like leather manufacturing. One of the founders and current employee Joachim Karthäuser was 
interviwed.  
 
Tomologic develops software that makes metal cutting equipment operate in more efficiently by 
using intelligent patterns. This process reduces waste and lowers cost. The founder and CEO 
Magnus Norberg Olsson was interviewed.  

3.3.5 Documentation and analysis of data  
Each interview was performed over the phone and permission to use the information as well as 
the right to use the interviewee’s name was sought. The interview data was then divided into 
sections where each section refers to one of the main topics. As discussed in the choice of method, 
the interviews will generate large amounts of data. Much of this data will have to be discarded in 
accounts of not being directly related to the topic herein investigated. In order to maintain a clear 
distinction between secondary data, primary data and the author’s own thoughts the origin of 
conclusions will be indicated explicitly in the analysis. 
 

3.4 Reliability 
The reliability of the study refers to the repeatability of the results should the study be repeated 
(Collis & Hussey, 2009). The first section is using a quantitative approach based on public 
available information. The reliability of this section is therefore expected to be high. The second 
section is using a qualitative approach based on interviews. It is possible that the subjects 
remember differently should the interviews be remade but overall there is no reason to expect low 
reliability using this method.  

 
3.5 Validity 
The study’s validity is reflected in its ability to correctly reflect the phenomena that is being 
studied (Collis & Hussey, 2009). The first sections validity will be affected by the pace of change 
and the availability of recent data. If the public data is not current and correct the validity will not 
be high. The second section has a small sample which may lead to low degree of validity. 
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3.6 Generalizability 
The generalizability of either section is not likely to be high. The first section covers a specific 
invention in a specific market. Although some challenges can be assumed to be general in nature 
the scope of this thesis does not allow an analysis of such generalities. The study should be seen as 
an example of how to perform an estimation of the value of an invention, not a general guide on 
how to do it. The generalizability of the second section can also be assumed to be low. The 
sample is very small and geographical limitations leads to a homogenous group of interviewees. 
Furthermore only one failed company was interviewed. The sample is dominated by successful 
companies which may cause them to not be aware of important factors to surviving since they 
may not have needed to face certain challenges.  
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4. Case Study 

4.1 Selection of the case:  
As described in the methodology the research question will be explored using a case study 
approach. The first step of the study will therefore be selecting a case to study that is likely so 
generate relevant results. In order to ensure that the selected case is suitable a number of criteria 
have been developed. The main area of study is innovation in manufacturing processes and the 
chosen market should therefore be fairly mature to allow for the focus of innovation to be the 
manufacturing processes. However, the market needs to still be innovating at a fairly high rate to 
make the issue of innovation relevant for the manufacturers. This innovation cannot be related to 
product iterations since the line between process and product innovation will be difficult to 
determine in such cases. In other words, it should be a market where the products are not 
changing radically but where costs and manufacturing processes are. Furthermore, it should 
preferably be a market that is likely to be of high relevance in the future to ensure that the results 
of the thesis may have future relevance. Finally, the value chains involved should be diverse 
enough that they allow for a number of stakeholders, but not so many that it is too high for the 
scope of this thesis.  

Criteria for selecting a suitable case 
Innovation focused on process innovation 
Manufacturing innovations are highly relevant for staying competitive 
Low number of new products introduced 
A market that is likely to be of future relevance 
Diverse value chain but not overly complex 

Table 3. Case selection criteria 
 

Given the criteria above a suitable market was found for the case. The focus of the case study will 
be the solar photovoltaic (PV) market. This market has a very mature product that has not 
changed significantly in the last decade but has seen prices drop by orders of magnitude due to 
manufacturing innovations and economies of scale. Being the most efficient in manufacturing is 
crucial for survival in this market, ensuring that manufacturing innovation is a key challenge in 
this market. The PV market is growing very quickly and is expected to be crucial in the transition 
towards a more renewable energy mix. Finally, it has a diverse value chain and an interesting 
stakeholder relationship involving governments, research centers and large industries. Choosing 
this market as the case allows for an analysis on how a manufacturing innovation can be 
introduced and what the obstacles in doing so are.  
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4.2 Introduction to the case: The Solar Energy Market 
 
4.2.1 Solar Energy as a renewable resource  
The sun is by far the biggest potential source of renewable energy. Every hour more energy 
reaches the earth in the form of sunlight than all the energy used in human activities for the entire 
year (KVA, 2008). If technology allowed just a fraction of this energy to be harnessed it would 
transform the energy system that modern society relies on. Solar energy is not only renewable in 
the true sense that it will never run out, it is also the one renewable energy that can be used with 
practically no negative effects on local environments and ecosystems. Solar cells can be placed 
anywhere, from rooftops in mega-cities to the empty deserts of Sahara.  However, the use of solar 
cells is still rare throughout the world. Although many would like to see a wide adoption this is 
not yet feasible due to the high costs of generation. Solar technologies are still too expensive to be 
competitive with fossil fuels. In 2008, Solar PV was the most expensive of all renewable 
technologies (BCG, 2008). Since then PV prices have fallen by orders of magnitude, but still PV 
remains more costly than wind, hydro and biomass (REN21, 2011). Further innovations and 
larger manufacturing quantities are needed to bring the costs of solar down to be competitive 
with fossil sources. 

4.2.2 The Solar Cell market today and in the future  
Since PV technologies still rely on subsidies to be commercially viable in most regions, the global 
market is dominated by a few countries with strong governmental incentives. The biggest solar 
market in the world is in Germany, with 17.5 GW installed in 2010 (REN21, 2011) and another 
7.5 GW added during 2011, making the installed capacity 25 GW and enough to make solar 
energy supply 3% of the Germany’s electricity generation (Reuters, 2012). Although this is an 
impressive number, it is also an indication of the relative insignificance of solar in the current 
energy system. Even in the biggest market its contribution to the total generation is at best a few 
percentage points.  

 

Figure 3. Solar PV market 2010 Source: (REN21, 2011) 
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Solar energy may not make a significant contribution to the current energy mix but it is expected 
to play a key role in the global transition towards a more renewable energy system in the future.  
IEA estimates that PV will supply 11% of the global energy need by 2050, compared with 0.2% 
in 2010 (IEA, 2009). Such growth will require the PV market to grow by 50% annually for the 
coming ten years (IEA, 2009). Other respected forecasters such as Shell predicts that solar energy 
to produce almost as much electricity as nuclear, hydro and biomass combined in 2050 (Shell, 
2008). Historically the PV market has indeed grown at such a high pace. It showed an impressive 
growth rate of 40% per year between 1998 and 2008 (KVA, 2008). In recent years the PV 
market has grown considerably faster than was expected.  Between 2007 and 2008 the market 
grew by 160%, the following year by 150% (EPIA, 2011). This trend continued with a record 
170% growth rate between 2009 and 2010 (PV Magazine, 2012). Due to a dismal 
macroeconomic climate the solar market slowed down considerably in 2011, growing only 34% 
(PV Magazine, 2012).  Despite the recent market slow down, the long term prospect for the PV 
market is generally believed to be very good (The Economist, 2011). Due to a prolonged period 
of demand outstripping supply, many companies entered into the solar cell market. Today there 
are over 300 companies with megawatt production capacity. Many expect the coming years to be 
one of mass-consolidation of this large group of companies into a few giants.  

4.2.3 The dominant types of solar cells in market 
The solar cell market today consists almost exclusively of two technologies:  thin-film solar cells 
and wafer based crystalline solar cells. A thin-film solar cell can be identified, as the name implies, 
on its thinness. A thin-film cell is usually below 10 micrometer in height and uses a factor of 30 
to a 100 less materials than wafer based technologies (EU PV Technology Platform, 2011). The 
reduced need for materials allows for higher production rates and lower costs per solar cells. 
However, thin-film cells also have lower efficiencies, a typical thin-film panel has an efficiency of 
about 10-12% (Qcells, 2012). Although thin-film production requires less material in 
manufacturing, the materials that are used are scarce and toxic. Commonly used materials in 
thin-films are gallium arsenide, cadium, tellurium and indium. Gallium arsenide and cadium has 
been shown to be toxic and cancerogenic (Tanaka, 2004) (ATSDR, 2011).  

The dominant thin-film company First Solar relies on the material tellurium, which can only be 
found in high concentrations in in China and Mexico (U.S. Geological Survey, 2011). First Solar 
has started a recycling program to handle concerns about having millions of solar panels with 
these toxic materials distributed around the world (First Solar, 2012). Thin-film was generally 
believed to have a considerable cost-advantage over wafer technologies. However, recent price 
reductions in wafer technologies have put this into question (Stanford Casestudy, 2010). Thin-
film solar cells currently constitute about 15% of the global solar market (EU PV Technology 
Platform, 2011). This is a significant market share, and one that is expected to grow long term 
(EU PV Technology Platform, 2011), current levels are in fact reduction from a market share 
about 25% 2009 (AltEnergy, 2010). If thin-film technologies can dramatically increase the 
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efficiency of their modules they might become more dominant in the market again. However, 
wafer based technologies still constitutes 80% of the solar market and is expected to stay 
dominant until at least 2050 (EU PV Technology Platform, 2011).  Wafer based crystalline solar 
cells are therefore likely to be the essential solar technology needed to meet the IPCC targets for 
2050.  

4.2.4 The value chain of wafer solar cells  
The production of wafer based solar systems consists of four distinct value adding processes. The 
first two processes are related strictly to the raw material.  First raw silicon is refined into poly-
silicon with a high level of purity. This silicon is then made into blocks of ingot that are 
subsequently sawed into wafers and delivered to the cell manufacturer. Wafers are then processed 
into solar cells (a process that is described in detail in later sections). Finally, solar cells are 
assembled into solar modules, the final product. The modules are finally used in solar installation, 
where anything between a single to hundreds of panels are used. This was traditionally seen as 
separated from the solar cell value chain, but in recent years manufacturers have entered into 
system installations segment in search for higher profit margins. The value chain of the solar cell 
market can therefore be considered to have five distinct value adding steps at this moment. A 
description of the different steps in the value chain can be found in appendix A. Since each step 
offers unique benefits as well as challenges, strategic decision about the scope of ones operations 
has varied in the sector. Historically most companies focused on just one step of the value chain. 
The company Trina Solar still carries the slogan “The power behind the panel”, a relic from when 
it was only active in the cell processing step. However, during the past five years many firms have 
expanded their operations to include a larger part of the value chain. One of the key drivers is 
thought to have been the price of the raw materials. After years of high growth in solar sales, the 
industry started to have a significant effect on the market for raw silicon. In 2008 polysilicon 
prices rose by 80% to a record high of over 400 $/kg (Project Monitor, 2008). Margins for 
producers were as high as 40%, much higher than in other parts of the value chain, and price 
instability caused major problems for solar cell manufacturers. This led many companies to 
integrate vertically into the manufacturing of polysilicon and ingot processing (Stanford 
Casestudy, 2010). Since then polysilicon prices have collapsed due to an influx of entrants in the 
market. Prices for 2012 are expected to be around 30 $/kg, a reduction of about 60% from 2011 
prices (PV-tech, 2012). 

As mentioned in the previous paragraph, solar companies have made different strategic decisions 
about their integration into the value chain, resulting in a solar market where many firms are 
spread across the value chain in different ways. For example, when many firms secured their 
supply of silicon by integrating downwards into the value chain, market leader Suntech opted 
instead to move upwards and focus on installation and financing of PV systems. The image below 
is a visual summary of the vertical integration of some of the major players in the solar cell market. 
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It shows clearly that the big names in the industry are no longer focusing on one step but rather 
on the whole, or significant parts of the value-chain.  

Silicon Feedstock Ingots & Wafers PV Cell PV Module PV System 
OCI 

    KCC 
    LDK Solar 

Yingli Green 
 Trina Solar 
 

  
Suntech 

  
JA Solar 

REC 
 Table 4.  Vertical integration of a selection of PV firms.  

Sources: (REC , 2012) (Suntech, 2012) (Trina Solar, 2012) (JA Solar, 2012) 
(Yingli Green, 2012) (KCC, 2012) (OCI, 2012) 

 
4.2.5 Cost distribution in the solar cell value chain 
As shown previously, the solar panel systems that are installed today have gone through five 
different value adding steps. In order to understand the value of each process in the value chain 
the cost distribution among these steps must be considered. The image below (left) shows the 
distribution of the total cost that each step from raw silicon to final module constitutes. The high 
cost of the module assembly is on account of high material cost. Modules need to last at least 25 
years which requires precise manufacturing and breakage of wafers is costly at the current level of 
thickness (EU PV Technology Platform, 2011). Although the cost-distribution varies depending 
on manufacturing set-up and geographical location, the variation between manufacturing in EU, 
China and the US is not larger than a couple of percentage points (although total cost varies 
significantly more) (Fath, et al., 2009).  

The image on the right (next page) shows the distribution of costs between the installation and 
running of the system compared to the module cost. The excessive cost of installation and balance 
of system has led many to look for more efficient solar installations as a major forward for cost-
reductions in solar (Rocky Mountain Institute, 2010) and for solar companies to see opportunity 
here as margins are higher and competition less organized. By understanding these cost-
distributions, the value of innovations and improved manufacturing can be understood and 
evaluated.  
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Figure 4 Cost distribution in percentage of end cost for solar cell manufacturing 
steps Source: (EU PV Technology Platform, 2011) 

 

Figure 5 Cost distribution of 
installed systems in the US 

2010 Source: (Rocky 
Mountain Institute, 2010) 

4.2.6 Common cost-metrics in the solar market  
Every solar panel manufacturer makes modules that are different from that of its competitors. As 
mentioned previously, the panel can be made with thin-film cells or with wafer based solar cells. 
Depending on the module and cell design the electrical attributes and power generating 
capabilities will vary greatly between manufacturers. A good example of this principle is the issue 
of the solar panel efficiency. The efficiency of solar panels that are sold today varies hugely. It is 
sometimes mistakenly thought that the efficiency of a panel is related to its quality or value. 
However, what is relevant to a consumer is not the technical specifications of the product but the 
benefit they receive from owning the product. Consumers buy solar panels to generate electricity. 
What is generally considered to be the most important factor for consumers is therefore electricity 
generating capacity per cost unit. Should a consumer wish to install a 30 kW solar system he or 
she will look for the provider that can provide that system for the lowest price. In other words, 
customers maximize the amounts of installed watts they get for their investment. The key cost-
metric in the solar market is therefore the dollar per watt ($/W). Efficiencies may still be 
important in some situations such as marketing or in cases where the physical size of the system is 
a limiting factor. Generally however manufacturers and retailers use the $/W to compare systems. 
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4.2.7 Advanced models for understanding value and costs of solar processes  
The cost of different manufacturing processes can be evaluated in different ways. The most direct 
way of estimating the cost of a certain manufacturing set-up is to measure the capital expenditure 
cost for acquiring the equipment as well as the operative expenditure for running the process. 
However, this type of calculation fails to take many important aspects into account, such as 
quality, utilization rate and life-time. The semi-conductor industry has introduced several ways of 
estimating the value of manufacturing processes better and these have been adopted by solar cell 
manufacturers as well (Kashkoush & Jimenez, 2010). The most commonly used metric is “Cost 
of ownership” a standard defined in SEMI E79. The Cost of ownership formula is showed below:  
 

퐶 = 	
퐶 + 	퐶 + 	퐶

퐿	 × 푇푃푇	 × 	푌 × 푈 

 
Where: 
CU = Cost of ownership per good unit (wafer, cell, module, etc) 
CF = Fixed cost 
CV = Variable Cost 
CY = Cost due to yield loss 
L = Process life 
TPT = Throughput 
YC = Composite yield 
U = Utilization 
 
Fixed costs include the purchase, installation and facility costs. Variable costs include material, 
labor, repair, utility etc during the equipment operation. Yield loss refers to the costs due to units 
breaking or being misprocessed. Process life is the lifetime of the process. Throughput is based on 
the time needed to meet a manufacturing requirement. Composite yield is the operational yield 
including breakage and misprocessing. Utilization is the amount of production time compared to 
available time. The equation above gives the cost per good wafer, which is the cost of ownership 
that can be compared with other manufacturing solutions in order to find the most profitable 
solution.  (Kashkoush & Jimenez, 2010) 

 

4.2.8 Environmental impact of PV cells 
The environmental impact of all major energy technologies have come under scrutiny in the last 
decade. A detailed review of the literature on PV cells can be found in appendix B. In summary, 
wafer based solar panels generates electricity at between 30 and 60 grams per kWh, compared to 
over 1000 grams per kWh for electricity generated from coal. Newly made panels have an energy 
payback time of about one year.  
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4.2.9 Intellectual property in solar market 
The PV market is, like most technology markets, highly influenced by patents and the 
management of IP. Although products are quite homogenous each firm is investing in further 
research to stay competitive and must therefore closely maintain control over its IP rights. The 
graph below shows the distribution of patents distributed among the manufacturing steps. A total 
of 1800 patents were found for the summary below. Japan and the US are the dominant regions 
for PV IP with Korea being a far third. It should be noted that this data is from 2010 and due to 
the delay between filing and publication of a patent the current situation may not be adequately 
show recent trends in PV development. Although IP is very important to the industry it is 
unlikely that new entrants and even established firms can know about the freedom to operate for 
the research and development they are doing. This is typical for most IP issues and will not be 
discussed in further detail.  

  

 

Figure 6. Distribution of patens between manufacturing steps Source: (Solar&Energy, 2010) 
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4.2.10 Wafer based solar Technical introduction 

4.2.11 Wafer based solar cells 
The process of using wafers of semi-conductor materials to make solar cells have been used since 
the beginning of the solar cell era (EU PV Technology Platform, 2011). As the name implies 
these solar cells are made from wafers, or slices, of silicon that has been crystallized. The cross 
section of a typical crystalline solar cell can be seen below: 

 
 

 

 

  

 

  

 

Starting from the bottom, first we have a back contact. Together with the front contact it creates 
the circuit that allows electrons to flow from the middle of the cell into the grid. The next key 
element in the cell is the “p-type base”. The solar cell consists of a positive and a negative layer 
put next to each other. The light that is absorbed by the solar cell creates an electric field between 
these two materials, and electrons become free accordingly. The negative layer can also be referred 
to as the “Emitter”. On top of the emitter there is a layer of silicon nitride layer. This is also 
referred to as the anti-reflective layer. Photovoltaic technologies are dependent on the unique 
electrical properties of semi-conductor materials, but these same qualities make the materials poor 
at absorbing light. This causes some of the light that reach the solar cell to reflected, rather than 
absorbed, and thus it cannot be converted into electricity. These reflections drastically reduce the 
amount of electricity a solar cell can produce. In order to improve the amount of light that is 
absorbed anti-reflective treatments are used. Another important part of this process is the 
texturing of the wafer. As can be seen in the image, the layers of the cell follows a zigzag shape. 
Because a smooth surface reflects more light than an uneven surface, the wafer is put through a 
process to make it uneven without damaging its semi-conductor qualities. This process is called 
texturing. The final part is the front contact, which completes the circuit of the cell. The different 
layers of the cell and how they are created will be reviewed in detail in later sections.  

 
 
 

 

Figure 7. Cross-section of a PV cell Source: (Neuhaus & Munzer, 2007) 
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4.2.12 Types of solar wafers 
There are two different types of crystalline silicon wafers used when manufacturing solar cells. 
The first type is what is called mono, or single-crystal, silicon. This type of silicon consists of a 
single crystal and has very few impurities. Monocrystalline wafers allow for higher efficiencies due 
to the uniformity of the material, but they are significantly more expensive. Multicrystalline 
wafers on the other hand consist of a collection of several smaller crystals. Although not as pure as 
monocrystalline, they are cheaper to produce. Today half of all commercial solar panels are made 
using multicrystalline wafers and about 30% using monocrystalline (EU PV Technology Platform, 
2011).The two types of solar cells can easily be identified due to the homogeneity of mono (left 
image below) and the “metal flakes” pattern of the multicrystalline (right image below). From a 
manufacturing point of view there are important differences between the two types of cells that 
need to be taken into consideration. The biggest difference is that different texturing processes are 
needed depending on wafer type.  

 
4.2.13 Manufacturing process 
The manufacturing process of wafer based PV consists of a number of distinct processing steps. 
The figure below shows an overview of the processes involved. In Appendix C a description of 
each step can be found. 

 

Figure 10. Crystalline PV manufacturing process Source: (Neuhaus & Munzer, 2007) 

 

SDR & 
Texturing

Junction 
formation 

Parasitic 
junction 
removal

ARC Contacts 
printing

Firing of 
contacts

Testing/
sorting

 

Figure 8. Monocrystalline solar cell  
Source: diysolarpanelcentre.com 

 

Figure 9. Multicrystalline solar cell 
Source: solarsystem.pk 
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4.3 Selecting the innovation 

4.3.1 Criteria for selecting innovation 
The quality of the case study will depend on correctly identifying a suitable innovation to study. 
Clear and well thought out criteria for selecting a good innovation must therefore be established. 
The solar energy market is full of different ideas, concepts and products that are looking to make 
into the mass market. Only a few of these innovations will be of the kind that is relevant for this 
study. For example, a news article about a major breakthrough in solar energy is published almost 
every week. Many of these concepts however are not commercially or technically viable for many 
years to come. Therefore such innovations must be excluded due to a lack of applicability in 
today’s market. The innovation that is to be studied must therefore be considered to be somewhat 
“mainstream”, although not so much so that it is an established product or just a simple 
substitute. Furthermore, the innovation must be proven to have significant benefits of some kind 
that is verified from several sources. In other words, a start-up or an unknown company 
promoting a new technology is not a suitable choice if the benefit has not been confirmed by 
external sources. This criteria excludes technologies developed by companies like Sunflakes, 
Sionyx and Natcore. Without transparency in the technology technical and economic assessments 
cannot be performed.  

In order for the innovation to be considered a manufacturing innovation it cannot generate a 
product that is significantly different. This criteria can be defined more clearly a requirement that 
the innovation only affects one part of the value chain significantly. If other factors than 
manufacturing is disrupted it is not clear that the innovation is a manufacturing innovation. 
Preferably the innovation will be of a “next-generation” type technology. In that case it will be 
accepted by scientists and companies as a possible future standard in manufacturing, yet no major 
company has yet chosen that technological path. Since most industries are faced with these 
problems it will potentially give the results of the case study a higher degree of generality. Also, it 
reduces the risk of choosing an innovation that is unrealistic or not believed in by the firms in the 
market. Finally, the benefit of the innovation should answer at least some of the needs that 
manufacturers have traditionally had. In other words, it should provide an economic benefit of 
some sort not just one of social, environmental or other value.  The table below summarizes the 
criteria for finding a suitable innovation for studying.  
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Table 5. Innovation selection criteria 
 

4.3.2 Selection of innovation 
In the PV technology literature many sources were found to predict that the future of solar 
manufacturing is vacuum processes. Today some processes are performed in a vacuum but most 
are using so called wet chemistry, baths of chemicals. The high cost of creating a vacuum would 
disappear if the manufacturing could be performed in a continuous vacuum rather than using wet 
chemistry. This would reduce the use of materials, increase process control and efficiency. This 
shift towards vacuum manufacturing involves many process innovations and the technical shift in 
itself is too broad to study for the purpose of this research. One vacuum process innovation was 
found to be close to commercialization and that was vacuum texturing. It has been known for 
almost 15 years that solar cells can be textured using reactive ion etching (RIE) equipment. 
However, it was initially too expensive to be commercially viable. When the capital cost of the 
equipment came down it was still dismissed on accounts of having too low throughput for solar 
manufacturing. This issue is currently being solved by several companies developing RIE-
equipment for solar cell manufacturing. This innovation therefore seems to be a suitable focus for 
the case-study. The table below summarizes the key weaknesses and strengths of the RIE-
texturing technology.  

 

Strengths Weaknesses 
Can handle mono- and multicrystalline wafers High CAPEX 
Low OPEX Lower throughput of equipment 
Can lead to higher efficiencies Not proven in large scale manufacturing 
Dry process (lower use of chemicals) May require optimization of later steps 
Works with thinner wafers Without abatement systems will cause more 

CO2 
Eliminates some toxic and flammable gases  

Table 6. Strengths and weaknesses of RIE-texturing technology 
 

 

Innovation selection criteria: 
Applicable to currently used technologies 
Not direct substitutes/sufficient level of change 
Transparent benefits 
Only affect one part of the value chain 
Preferably next generation 
Work with existing infrastructure 
Address traditional needs of manufacturers 



FIRST SECTION: CASE STUDY 
 

33 

To verify that the RIE-texturing technology is a suitable innovation for the case study it will be 
reviewed using the criteria listed in the previous section.  

 Applicability: Because RIE-texturing can be used with all types of solar wafers it is 
applicable to 80% of the current market. 

 Level of change: The RIE-texturing is different from the currently used texturing in terms 
of process requirements (dry vs. wet) and also in end result (textured surface). The level of 
change on the process level is high but the product remains largely unchanged.  

 Transparent benefit: Research about RIE-texturing have been published for over a decade. 
Therefore most things regarding its potential benefits are known and verified by several 
sources.  

 Effect on the value chain: Only the texturing step is changed and previous and following 
steps are likely to remain unchanged, although attention needs to be paid to the ARC step.  

 Next generation: Texturing in a vacuum could potentially be part of a transition towards 
continuous vacuum in solar production.  

 Work with existing infrastructure: The equipment and process is compatible with the 
currently used technology.   

 Addresses traditional need: Three main routes to cost saving have been followed in recent 
years: reduction in material consumption, increase in device efficiency and advanced, 
high-throughput manufacturing including advanced process control (EU PV Technology 
Platform, 2011). RIE-texturing addresses all three of these needs. It improved light 
absorption causing higher efficiencies, has a shorter and cleaner process and reduces the 
material need due to enabling thinner wafers.  

RIE texturing satisfies the criteria outlined well and is therefore suitable as the innovation to be 
studied in this report.  

4.3.3 Scope and delimitation 
By choosing an innovation that changes just a single step in solar cell manufacturing without 
affecting the rest of the value chain significantly this part of the system can be analyzed in 
isolation. Further sections will therefore only study the solar cell manufacturing step when 
considering consequences of this innovation from a technical point of view. When the final 
economic value is evaluated however the overall saving must be considered.  

The patenting aspect of the new technology will not be considered or analyzed. The IP situation 
for a new technology is difficult to determine and may be affected by strategic choices as much as 
by technological aspects. This topic is complex and not directly related to the research questions. 
It does not however affect the result negatively as significantly as might be assumed. It can be 
argued that most new entrants and developers of new technology are likely to file for a patent, but 
are not likely to know about the strength of their IP for many years. It could even be argued that 
they cannot know the strength of their IP and that they must make decision regardless. Although 
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it may prove important sometime after successful entry to the market, at the time of entering it 
may not have a crucial impact.  
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4.4 Identification of possible applications 

4.4.1 Markets for RIE-texturing 
As described in the literature review identifying the right segment for an innovation is crucial for 
understanding its value and potential use. Therefore the search for potential applications must be 
wide and include not only the potential value for established companies but also feedback from 
less obvious groups. To identify the markets where RIE-texturing is expected to be valuable a 
number of organizations were contacted over the phone or by email. The group included big 
solar companies, equipment manufacturers (small and big), R&D firms, start-ups in this field and 
research institutes. Some potential uses had to be excluded due to the delimitations of the case 
study. For example, several types of thin-film solar cells are potential areas for application but 
were excluded because only wafer based technologies are considered. Furthermore, solar 
technologies that have already been discontinued due to high costs were excluded as the current 
market is zero and if that is unlikely to change. This category includes many ribbon technologies 
that have existed as research concepts for some time.  

By reviewing available literature and interviewing the groups mentioned above four distinct 
potential markets were been identified. Each market corresponds to a wafer technology where 
RIE-texturing is applicable. The first two markets are the obvious application of mono and 
multicrystalline wafers. The third use for the technology is for a wafer type called quasimono (or 
mono-like) wafer. This is a new type of wafer that became commercially available during the last 
6 months. It is made with a new silicon manufacturing technology that can create very pure 
multicrystalline, enabling new wafers that can be thought of as a mix between mono- and 
multicrystalline wafers. The fourth and final market for the technology is so called Edge-defined 
Film-fed Growth wafer, a type of ribbon wafer.  

 

Identification of possible applications 
Monocrystalline wafers 
Multicrystalline wafers 
Quasimono wafers 
EFG wafers 

Table 7. Possible applications for RIE-texturing 
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4.4.2 Market Pain 
To better understand the needs of each market a brief description of their characteristics is 
presented below. The data comes from the same sources as above the previous paragraph. It 
should be noted that this is not an in depth analysis and that these characteristics in some cases 
are based on informal conversations. In later sections a detailed analysis of the problems on each 
market will be performed. 

4.4.2.1 Monocrystalline wafers 
The manufacturing technology for monocrystalline wafers is well developed and a fairly good 
texturing technology already exists. However, although this texturing technology creates a low 
reflectance the etching process is slow and therefore costly. Furthermore, the monocrystalline 
material is expensive and a big part of the cost of the solar cell. Technologies that reduce the 
amount of monosilicon that is wasted might offer a significant cost saving. There may also be 
some benefits to eliminating the chemicals used in the monocrystalline texturing process since 
they a highly flammable.  

4.4.2.2 Multicrystalline wafers 
Multicrystalline wafers use a much shorter texturing process than multicrystalline. However, this 
texturing gives a reflectance factor that is twice as high as monocrystalline texturing. A texturing 
technology that offers a better absorption could lead to significant improvements in efficiency. 
Reducing material use could also be a good way of achieving savings. The overall need for cost 
saving technologies is high due to rapidly falling prices.  

4.4.2.3 Quasimono wafers 
The quasimono wafers are newly developed and there is an uncertainty about the best way to 
utilize them. In terms of cost they are between mono and multicrystalline wafers. However, they 
offer mono-like efficiencies. Alkaline texturing is not as effective as in monocrystalline wafers 
because of the impurities that still exist in the material. Acidic texturing can be used but does not 
give a low reflectance. Thus, quasimono wafers falls in between the currently used texturing 
technologies.  

 

Potential Markets: Market Pain: 
Monocrystalline High material cost, slow process, chemical 

used, cost pressures 
Multicrystalline Low efficiencies, significant cost pressures 
Quasimono Not yet established, falls between conventional 

technologies 
Table 8. Market characteristics of potential application areas 
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4.5 Estimating opportunity size of each application area 

4.5.1 Market overview 
The total size of the PV market is estimated to be about €44 billion in 2010 (EU PV Technology 
Platform, 2011). With a market growth of 34% in 2011 (PV Magazine, 2012) the total PV 
market could be estimated at about €60 billion in Q1 2012. About half of that market is in the 
PV modules, making the market for PV panels about €30 billion. This part of the market is split 
up into the different technologies with 36% being monocrystalline, 46% being multicrystalline, 
and the remaining 18% being mostly thin-film technologies (EU PV Technology Platform, 
2011). The estimation of market sizes can be found in Appendix C. The markets for mono- and 
multicrystalline texturing were found to be of about equal size. The monocrystalline market as a 
whole is smaller but the texturing cost is higher for this technology. The quasimono market has 
the potential to be almost half as big as within a year or two. This market size is however 
uncertain since it is a new technology and it is assumed that companies can deliver and find 
demand for the quantities they are planning to produce. The uncertainty in this quasimono 
market estimation is therefore very high. The EFG wafer markets was found to be non-existent 
and it will therefore not be considered in following sections. The result of the market sizing can 
be found in the table below:  

Technology Market Size  
Monocrystalline wafer €400 million (2012) 
Multicrystalline wafer €400 million (2012) 
Quasimono wafer €200 million (potential 2013) 
EFG Not viable 

Table 9. Market size estimation of the four application areas 
 
 
 
 

 

 

 

 

 

 

 

 



Hjalmar Nilsonne 
 

38 

4.6 Analysis of implementation feasibility in each application area 

4.6.1 Current manufacturing processes 
The first step of the implementation analysis is to determine what processes are currently being 
used. This is required for understanding what changes will be necessary in order to implement the 
innovation. The typical solar cell manufacturing process is shown in the image below: 

As is indicated by the red border in the image above, the difference in process between the three 
application areas were found to be almost exclusively in the first process step. As described in the 
case review, mono and multicrystalline solar cells require different chemistry in the saw-damage 
removal and texturing step. Quasimono, being a mix of the two, can be textured with both. 
However, in communication with quasimono manufacturer DCwafers the acidic texturing was 
said to be preferable and most common (DCWafers, 2012).  

4.6.2 Implementation of RIE texturing 
The first step of wafer based solar cell manufacturing is the saw-damage removal step which is 
followed by the texturing step. In order for RIE-texturing to be useful in manufacturing it has to 
be part of a realistic alternative that can perform both of these steps. The first question then is, 
can the RIE-texturing equipment perform the saw-damage removal or will separate equipment be 
needed?  
 
4.6.2.1 Saw-damage removal step 
This topic was researched using a combination of research publications, phone interviews and 
reviewing patents in the area. The picture that emerged was quite diverse. There is research 
suggesting that RIE-equipment can perform both the SDR and the texturing (Ruby, et al., 2002). 
This is also suggested by the fact that dry texturing equipment being developed for large scale 
manufacturing has this capability (Walther, 2012). However, when looking at research using 
RIE-texturing one finds that wet SDR is exclusively used (Yoo, 2010) (Yoo, et al., 2011) (Nijs, et 
al., 1999) (Burgers, et al., 1998). Both types of wet SDR is used in the research and in the case of 
Yoo (2010) both are performed in one study. The only major manufacturer that is currently 
using dry texturing in their manufacturing is the Japanese company Kyocera. Their core patent in 
regards to the texturing process specifies that alkaline texturing is being used (Inomata, 2004). 
The conclusion thus seems to be that although it is theoretically possible to replace wet processing 
completely with RIE equipment this is not necessarily desirable. Instead one can conclude that 
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the saw-damage removal step should still be performed in wet chemistry and that the texturing 
equipment is to be added to the process rather than to replace current equipment. 

4.6.2.2 Texturing step 
The benefits of using RIE-texturing for wafer based PV is well documented. However, in order 
for the technology to be competitive there has to be manufacturing equipment that can handle 
large volumes and maintain a low number of defects. Indeed one of the main barriers for RIE-
texturing technology has been doubts about its feasibility in large scale manufacturing (Beaucarne, 
et al., 2008). The newest generation of wet texturing equipment can handle over 3000 wafers per 
hour (Rena, 2012). Dry texturing equipment manufacturer Semisecon said that their customers 
considered anything less than that to be irrelevant (Walther, 2012). There are companies that are 
developing such equipment for mass-market. The Korean company DMS are developing 
equipment in a currently ongoing national research effort. The equipment is due later this year 
and is designed to handle 2000 wafers per hour (DMS, 2012). The leading company for ARC 
equipment has made prototype RIE texturing equipment that can handle similar volumes as their 
ARC systems (Roth&Rau, 2008).    

 

 

Figure 11. RIE-texturing equipment designed by DMS Source: (DMS, 2012a) 
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4.6.3 Environmental impact  
As discussed in Appendix B dry texturing technology could potentially lead to significantly 
increased CO2 emissions from manufacturing. However, the same gases that are used in this 
process is used in semiconductor manufacturing. This indicates that the problem is likely to 
already be investigated and solved to some extent given the size of the semiconductor market. 
This was confirmed by a dry texturing manufacturer who said that sufficient abatement 
technologies were already in place at all major manufacturers (Walther, 2012). Thus it is plausible 
to conclude that the environmental impact will not be a major obstacle in implementation. This 
is further investigated in appendix G and discussed in the next section.  

4.6.4 Conclusion 
The implementation analysis shows that although there is no equipment that can be bought “off 
the shelf” to handle very large quantities, such equipment is possible and it is being developed.  
Therefore it seems reasonable to assume that the technology can be implemented in 
manufacturing, at least technically. This validates the choice of innovation as one of potential but 
not yet fully commercialized. The technical feasibility does not identify any major limitations to 
the potential of RIE-texturing technology. The potential can be expected instead to depend on 
the cost advantage of the technology. This will be analyzed in the next section.  
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4.5 Estimation of innovation value  

4.5.1 Current cost structures of PV manufacturing 
After identifying possible markets and confirming implementability, which was done in previous 
section, the economic potential of the technology should be considered. This is done in this 
section and the process aims to build the so called value proposition. The cost-structure of the 
currently used process must be mapped before impacts of changing this process can be evaluated. 
Therefore the first step is to determine the cost of the different steps in solar cell manufacturing 
and what the cost drivers are. However, this is a challenging task since such data is not readily 
available. The method initially planned to overcome this was to establish collaboration with a 
commercial manufacturer and get access to their cost data. Previous studies of this kind were 
performed this way. 

However, no such collaboration could be organized for this study. In communication with the 
organization behind the EU PV technology platform the situation was explained. In the current 
volatile market climate firms are not willing to disclose costs even to long standing collaborators 
and those who do are thought to provide information that was likely to be politically influenced. 
The advice received was to use the cost reports that are available and they believed that a cost-
analysis based on those reports could still generate reliable results. Therefore the following 
sections will be based on the data that is publicly available and interviews with relevant companies.  

4.5.2 Cost fractions of each manufacturing steps 
Understanding the cost relationship between the innovation and the final cost of the product is 
key for establishing what the value of the innovation is. In other words, what is the sensitivity of 
reducing costs in the part of the value chain that you are studying? As is shown in the case 
overview, according to (EU PV Technology Platform, 2011) the solar cell step constitutes 21% of 
the total cost of a solar panel. To ensure validity other sources for cost comparisons were found. 
The equipment manufacturer Centrotherm published a limited cost overview of one of their 
customer on the solar magazine Photon. The article claims that the cell processing steps costs 
0.28 euros per watt and with the total cost being 1.26 euros per watt (Photon, 2008). That equals 
22.2% of the end cost coming from the solar cell processing step. A third and final source was 
found. The equipment manufacturing firm Meyer Burger published a cost distribution of each 
step in the multicrystalline manufacturing chain. According to this cost breakdown the solar cell 
step was 23.1% of the panel cost (Leu & Richter, 2010). The solar cell processing step can thus 
be concluded to be likely to constitute about 22% of the cost of a solar panel.  

Solar cell cost fraction of panel end cost: Source: 
(EU PV Technology Platform, 2011) 21 % 
(Photon, 2008) 22.2 % 
(Leu & Richter, 2010) 23.1 % 

Table 10. Fraction solar cell manufacturing cost of total cost 
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4.5.3 Costs of each process in solar cell manufacturing 
The second step in the cost analysis is determining the fraction of the solar cell costs that are 
related to the texturing manufacturing step. As with previous case this exact figures will be 
different for each manufacturer. However, industry wide general cost fractions can be found. The 
third largest manufacturing equipment company published the following breakdown of costs: 

 

Figure 12. Cost distribution of solar cell processing steps. Source: (Leu & Richter, 2010) 
 

In Appendix D an analysis of additional sources can be found. The overall result is presented in 
the table below. There is a small difference in the estimated cost of the texturing step but it seems 
reasonable to assume that the texturing step is 12 or 13 percent of the total costs in the solar cell 
manufacturing.  

 Texturing process step cost Uncertainty 
(Leu & Richter, 2010) 13% Low 
(Photon, 2008) 11% Medium 
(Sounni, 2010) 8% High 

Table 11Three sources for estimation of texturing cost 

4.5.4 RIE implementation 
The third step in the cost analysis of RIE-texturing is estimating the cost associated with the 
changing texturing technology. The first part of this process is estimating the savings from not 
having to do the traditional texturing step. The second step is estimating the additional costs of 
buying and using the new texturing equipment. These calculations can be found in appendix E.  

4.5.5 Costs of each process in solar cell manufacturing with RIE texturing 
Using the assumptions of 50% reduced texturing cost and an added cost of RIE-texturing (being 
42% of the ARC step cost) and an average ARC cost-fraction of 13% the following cost 
distribution is found: 
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Figure 13. Cost distribution of solar cell manufacturing with RIE-texturing Source: Adjusted (Leu & Richter, 
2010) 

 

The total cost of manufacturing remains largely unchanged in this scenario (reduced by 0.4% in 
the case of RIE-texturing). The results indicate that from a cost-perspective there is either a very 
small, or nonexistent, cost premium to changing to RIE-texturing technology. 

4.5.6 Cost comparison traditional manufacturing versus RIE-textured 
The final part of the cost analysis is estimating the value of the benefits associated with RIE-
texturing. Initially three sources of benefits were identified: cheaper process, less waste of silicon 
in the texturing process and improved efficiency. As was shown above, the process cannot be said 
to be significantly cheaper in this study. The estimated value coming from reduced resource 
consumption and increase efficiency can be found in Appendix E. The final result of the cost 
analysis is shown in the table below: 

 Current $/W Possible $/W with RIE-
texturing 

Change 

Fully integrated 
manufacturer 

1.037 1.013 -2.31% 

Solar Cell manufacturer 0.627 0.605 -3.6% 
Table 12. Potential savings of RIE-texturing technology for fully and partially integrated manufacturers 

 

The pricing is based on a 1.08 $/W retail price (Solarbuzz, 2012) and margins are assumed to be 
4% (PV-Tech, 2012). Two cases are shown in order to show the cost saving size for solar 
companies that are performing in the whole value chain and for companies that sell their solar 
cells to solar panel manufacturers. The conclusion of the analysis is that the RIE-texturing can 
provide significant savings for manufacturers. Although a 2.31% cost reduction may not seem 
substantial, if the factory described in (Photon, 2008) switched to RIE-texturing they would save 
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€ 8.5 mn annually. Their total expenditure on solar cell manufacturing is about €95 mn, making 
the yearly saving from changing just one process step 10% overall. From this analysis it therefore 
seems clear that the value of this invention would justify a commercialization attempt. This 
conclusion was validated in communication with the CTO at a leading solar firm who said that a 
cost-saving of two or three percent is “very big”.  

4.5.7 Summary Economic value 
The economic value of RIE-texturing has been assessed by first estimating the cost of using the 
process at an industrial scale. Although previous research found the RIE-texturing process to have 
the potential to be 10-25% cheaper than traditional texturing this study found only an 
insignificant cost reduction in terms of process cost. However, with an equal process cost but 
with better texturing results than currently used technologies a big cost advantage was still 
estimated. The combination of decreased material use and increase cell efficiency at no added 
process cost makes the value proposition for RIE-texturing strong. An estimated price decrease of 
about 3% was estimated, which can be compared to the standard panel margins of 3-6%.  
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5. First Section: Discussion  
The first section of the study investigated how the value of an invention can be estimated. This 
was done through a case study methodology of the solar cell market. Possible applications for the 
invention were identified, the inventions ability to be implemented confirmed and finally the 
additional costs and benefits of using the technology were estimated. This value estimation 
process generated a clear answer to the question of the potential economic value of the invention.  

As described in the case study methodology primary data was not available and the study had to 
be based on secondary data. However, the data used in the analysis showed little variation in key 
variables such as the cost of texturing and the cost distribution in the solar cell value chain. Solar 
cell market researchers advised that an analysis based on secondary data could still have a high 
degree of validity. Unless the cost-structures have changed dramatically in the past year the 
consensus among publication and researchers indicate that the analysis is based on good 
assumptions and therefore likely to be valid. This may however affect the generalizability of the 
process described. In the case of RIE-texturing there was enough secondary data available to 
estimate cost and implementation related questions. This is because the process and equipment 
used is relatively well-known in other industrial manufacturing contexts. If the technology 
studied had no commercial comparison there would probably not be sufficient secondary data to 
generate a strong conclusion about the value. A different value analysis would then be needed. 
This could therefore be considered to be a suitable value proposition process for innovations that 
are “sustaining” of the current technological paradigm, as discussed by Christensen (1997). The 
value of the innovation “makes sense” in terms of what is being done today and the changes in 
technology are small enough to allow for single benefits generated by the innovation in isolation. 
Understanding the value of a disruptive innovation that is likely to be an even more challenging 
task. Such innovations cannot be easily compared to currently used technology since they may 
provide radically different outcomes in terms of performance of the products and the cost 
structures. As Christensen (1997) found firms following the current technological paradigm are 
often unable to understand and identify disruptive innovations. The fact that solar companies 
were able to both understand and show interest in RIE-texturing is an indication that it is a 
sustaining innovation. The technology offers to increase the competitiveness of current 
manufacturing technology and hence sustains the current manufacturing paradigm. The process 
herein described can therefore be expected to work well for sustaining innovations where the 
value can be understood using conventional industry knowledge. The shortcomings of this 
methodology when dealing with new technologies became apparent when the value of RIE-
texturing was estimated for quasimono wafers, a new type of material. Already in the market 
sizing the results were highly uncertain but they could be estimated based on projections of 
manufacturers. When looking at the value of the benefits of RIE-texturing and the new material 
there simply was no reliable information to draw from. Due to a lack of experience with this new 
material neither researchers nor solar companies had a good understanding of the potential or 
promise of the technology. Using a quantitative approach based on secondary data is therefore 
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highly dependent on the marketplace understanding and being able to supply information about 
the potential value of the technology. If the innovation that is being studied is sufficiently new or 
unknown alternative methods for estimating its value should be investigated.  However, this 
indicates that in some cases private information regarding production costs or deep insight into 
manufacturing practices is not necessary for estimating the value of an invention. Using 
secondary data and public information can be sufficient to establish the value proposition of the 
invention in these cases.  

The literature review indicated that understanding and communicating the value of an 
innovation is a challenging task. This was indeed the case for the innovation studied in this report. 
The amount of information needed to perform the analysis was substantial. It required not only a 
large investment in time and effort in collecting the necessary data but also significant knowledge 
of both technology and economics. Since the process of estimating your invention’s value 
proposition is so resource intensive, there are clear tradeoffs between working on the actual 
technology and working on the business case. The inventor has to make decisions not only about 
how to perform the analysis but also about how detailed the analysis should be. At some point it 
will be beneficial to focus more on developing the value proposition and at another point it will 
provide diminishing returns and focus should be returned to the technical development. This 
tradeoff adds further to the challenge of estimating the value of a technology. The difficulty of 
developing the value proposition to the appropriate depth was apparent in the analysis of this 
report. There was no clear feedback from companies whether the cost model developed would 
have been preferred to one that had more or less complexity. It is also uncertain what the 
marginal benefit of improving it further is.  

Shane (2004) found that firms that had a co-founder team with both business and technical 
understanding performed better than other startups. It is easy to see how that would be beneficial 
in the early stages of working out the value proposition. If the inventor or scientist has to take 
months off developing the technology to work on the value proposition rather than continuing 
with the development, the commercialization process will be delayed. Furthermore, the inventor 
is unlikely to have enough business experience to fully understand how to perform the value 
analysis and the result will therefore be that for a lone founder the process takes longer while the 
result is less likely to be correct. This will also lessen the negative effect of the tradeoff in focusing 
on the value proposition process since it is not limiting the technical development of the 
technological nearly as much. 

The benefits of the co-founder team can also be viewed as another factor identified by Shane 
(2004). Successful university startups were focused on creating a product rather than developing a 
technology. The value proposition process requires some product thinking. Understanding what 
the product can or should be is probably something that is best achieved through a joint effort 
between commercial and technical expertise.  
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An alternative to having a diverse co-founder team is using a university tech-transfer office to 
handle the value proposition and productization aspects of the technology. This would 
potentially enable the inventor to spend time on the technical rather than on business 
development. Based on the experience of developing the value proposition for RIE-texturing the 
author would expect this method to dramatically reduce the chance of successful 
commercialization. In many ways the value proposition is about making a product of a 
technology and this process cannot be seen as isolated from the technical development. If the 
inventor is developing technology and some other entity, without stake of voting rights in the 
company, is identifying the product the goals of the technical development and the business will 
not be aligned. This will make the chance of successfully bringing that product to market slim at 
best.  

An interesting finding in the analysis was that, the potential customers of this technology, the 
large solar companies did not themselves know the value of changing their texturing process. It 
could perhaps be expected that they would already have done investment analysis on possible 
alternatives, but this was not found to be the case. Nor did they show a lack of interest in learning 
about these investment opportunities. This validates first of all that value assessments made 
outside the manufacturing firms are not outright dismissed. On the contrary they are appreciated 
and seen as something valuable. Secondly, this may be an indication that the PV market is in a 
transitional phase as defined by Utterback (1987). The products are no longer changing 
significantly but rather firms are shifting their focus on making manufacturing improvements. 
However, the alternatives are not yet fully developed indicating that the market has not yet reach 
the specific phase.  

An important part of the analysis that may not be obvious is the importance of expressing the 
value proposition in the correct way. As shown in the study by Schroeder, Scudder and Elm 
(1989) investment decision in manufacturing have to show certain benefits and a wide range of 
measurements are used to evaluate the value of an improved process. Before the economic analysis 
could be performed it was necessary to determine how the solar cell industry evaluated different 
options in their investment decisions. There are many ways to calculate the economic value and if 
such calculations are made without knowing what the potential customer is expecting to see one 
may create a value proposition that is essentially useless because it cannot be compared to other 
offers. Understanding how to express the value proposition may therefore be equally important to 
correctly estimating it. A division between researchers and companies was found, where 
researchers discouraged the use of $/W for evaluating solar costs whereas commercial firms 
requested that metric to be used.  

Furthermore, the reaction from solar companies and investors were found to be quite different 
when presenting the value estimation. The solar companies were familiar with what type of saving 
to expect from a technology and showed interest in the cost saving the technology would create. 
Investors on the other hand, unfamiliar with the solar industry specifically, expected gains of 
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larger orders of magnitude and were not always convinced in the commercial potential. This did 
however seem to be a communication issue, because when rephrasing the valueproposition (e.g. 
rather than claiming 3% cost saving claiming to double the margins of manufacturers) interest 
was regained. Thus it was not only important to be using the right cost metric but also explaining 
the value differently depending on the audience.  

One thing to note in the value estimation is that the market sizing of each application area was 
not in fact used in the final cost analysis. In the case of RIE-texturing the saving was not related 
to the costs of changing the process per se but instead to reduced cost in terms of raw-materials 
and solar cell efficiency. Therefore the relevant system boundary was not the texturing step but 
rather the value of the whole value chain comparing it with and without RIE-texturing. 
Furthermore, the expected result of the analysis was to determine the value in each application 
area. Limitations in the data limited the value proposition to only be precisely determined for the 
multicrystalline market. For the other application areas assumptions had to be based on 
qualitative data from the industry rather than verified costs and benefits from published studies. 
Although the market sizing data was not directly used it provides valuable information on 
technologies and market dynamics and could therefore be said to be relevant in the analysis.  

It is also important to distinguish between the value of an invention and the commercial potential 
of an invention. The analysis performed shows that there is an economic value to be found in 
using this technology. It does not address however how that value can be captured commercially. 
The value estimation provides an indication of whether a commercialization attempt is justifiable 
or not but it is not a guarantee or a clear indication about if and how this value can be captured 
by a company. The results are not intended to be proof of commercial potential although such 
potential is likely to exist if there is large economic opportunity associated with the technology. 
The issue of how to capitalize on the economic benefit is addressed in the next section of the 
analysis. 

In conclusion, the study confirms that estimating the value of an invention is a very time and 
effort consuming process. In the case of RIE-texturing a rigorous analysis could be performed due 
to the availability of secondary data on processing costs and technology benefits. The appropriate 
depth of analysis was difficult to determine and was limited mainly by time and access to further 
information. A key finding was that the communication of the value was not only expected to 
follow the industry standard but that it may need to be communicated differently when 
addressing solar companies and when addressing investors. 
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6. Second Section: study of successful companies  

6.1 Introduction 
This section presents the qualitative study of companies who have successfully commercialized 
manufacturing innovations. The founders of the companies Applied Nano Surfaces, Tomologic 
and Siox Machines were interviewed. They all have products aimed at changing the 
manufacturing processes of mature industries. The focus of the interviews was decision making in 
the early stage of the company and how they managed to build their first product. The interview 
methodology is described in Chapter 3 and the interview questions are outline in appendix I. 

6.2 Conceptual idea and first value proposition 
The idea behind Applied Nano Surfaces emerged when Mattias Karls went fishing with a 
childhood friend who was just about the present his Ph.D. thesis. Karls tried to understand the 
technology his friend had developed and its potential economic benefit in a commercial context. 
This was not something that the inventor had considered prior to their meeting nor had the skills 
to investigate on his own. The pair decided to submit their case to the venture competition 
Venture Cup which required them to build a business plan. In this process the initial value 
proposition was created. Neither of them had experience from the car industry and therefore the 
case was built exclusively on secondary data such as using internet sources and academic 
publications for cost estimates. The business plan did well in the competition and the feedback 
from the jury encouraged the group to further investigate the potential of the technology.  

Tomologics founder Magnus Norberg Olsson worked in industrial metal cutting industry for 
over five years starting as a 15-year old. Early on he realized that the metal cutting process would 
be more waste efficient if the cutting patterns were optimized. Due to his experience with the 
processes he was well aware of how to estimate the economic value of his idea, how to 
communicate it efficiently and also what the cost structures of current manufacturing was.  

The process behind Siox Machines was developed in a joint effort between a number of large 
industrial firms in Europe. As the initial application of the technology became mature a sub-
group of the development team believed in looking for other industrial uses for their process and 
started the company Siox Machines. The team was very experienced in developing industrial 
equipment and therefore had a clear idea of how to build a good value proposition for their 
products. However, the data needed for those calculations require current industrial insight and is 
not publicly available. The value proposition was therefore always created through working 
directly with the end customer in the process of defining the product.  
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6.3 Business Model and productization  
Applied Nano Surfaces contacted their customers immediately upon finishing their initial value 
proposition estimation. They booked meetings with the biggest car firms in Sweden and 
presented what they had at that moment (technical results plus estimated value) to validate the 
customer need and financial gain. They also validated their planned business model of licensing 
their technology to manufacturers. What was presented was essentially the technology and not a 
product. The customers could then, based on the initial presentation, define the first projects to 
do with Applied Nano Surfaces which is likely to become the first products.  

Tomologic talked with distributors and customer before even starting the company. The value 
proposition did not need customer validation since the founder had already demonstrated in 
gains a commercial manufacturing context. The business model of Tomologic on the other hand 
changed dramatically after its communication with distributors. The initial strategy was to 
acquire the same equipment that was used by the metal cutting industry today and to dominate 
the competition using the Tomologic technology. The distributors of the equipment were 
opposed to the idea of trying to compete on the margins on a local market. They suggested 
instead that Tomologic took a software approach and sold the programs that could make any 
piece of equipment cut effectively and launch this service globally. This business model presented 
much higher degree of scalability and potential profit. In collaboration with equipment 
manufacturers they then developed this solution.  

Siox Machines were able to depend on their experience and sell products as they had done when 
working for a large corporation. They buy equipment from Electrolux, find new industrial 
applications for it, and then introduce it as a product to that market. Relevant markets are found 
through direct communication with end customers and the design is made with them to be 
certain that their needs are met. The product development follows market trends closely and a 
constant feedback from customers is sought. The business model and product focus has been 
readjusted many times to accommodate for changes in the market. Products are usually not 
developed internally to capitalize on some believed opportunity but rather developed as a 
response to a customer’s direct request.  

6.4 Initial financing and first full-time employees  
Applied Nano Surfaces was started with an initial team of four. No one was working full time 
until the first financing was secured. The first major external financing took about one year to 
receive from the beginning of the process to the end. One reason for the extended period was the 
financial crises of 2007, which occurred in the middle of the raising round. Many initially 
interested investors could no longer make any investments. The first financing was raised on the 
basis of the lab results, the value proposition and the customer response. It was aimed to cover the 
proof of concept development, patenting of the technology and external verification of the 
technology by customers.  Another important factor for attracting financing was the team, which 
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at that point had been expanded to include people with expertise and experience of the car 
industry.  
 
Tomologic was started while Magnus Norberg Olsson was doing his final year as a master’s 
student at KTH. He chose to develop his business as part of his thesis and was therefore able to 
work full-time with it from an early stage. The initial source of financing was planned to come 
from the supplier of the equipment who had encouraged Tomologic to change business model. 
However, this too coincided with the financial crisis and the investment had to be postponed. 
Tomologic relied instead in a number of small governmental grants and a majority of the time 
was spent of acquiring sufficient funding to develop the technology. As the business case of 
Tomologic was recognized nationally and internationally in business competitions they received 
their first major funding from Energimyndigheten. This allowed them to hire the first non-
founder full-time employee to develop the technology further.  

Siox Machines have not received nor sought any external financing for business related activities. 
Due to their business model of selling Elektrolux machines to large industries they do not need to 
buy equipment themselves, instead they can design the system and broker the deal. Given the 
nature of this type of business the amount of work is unevenly distributed, making traditional 
full-time employment unsuitable for the founders. Instead they are working with the company at 
least 50% of their time and are free to pursue other opportunities on the side of the business. The 
company has received some governmental grants and support for developing basic research aimed 
at finding suitable applications. The initial business plan did not correctly factor in the amount of 
research that would be needed but the lack of external financing has not been a major limitation 
for the company.  

6.5 Intellectual property and patenting  
Applied Nano Surfaces describes the IP protection as key for the early stages of their business. 
Karls says that the patents are constantly needed when dealings with customers. The company 
had the PCT application approved before they raised their second round of financing. The 
licensing model is of course also heavily dependent upon securing the IP for the process.  

Tomologic also has patents protecting their technology. They describe the patenting process as 
very costly but in the end necessary for attracting financing. In the actual interaction with 
customers the issue of patents is not very relevant. Customers look at the technology and the 
potential benefit. However, to ensure the long-term prospects of the business there has to be a 
realistic way to stop imitators from copying the service.  

Siox Machines also described the patenting protection as very important for their company. They 
describe the patents as being necessary for gaining credibility. They have filed several patents, 
some of which were cancelled due to runaway costs. The patents were granted with any major 
obstacles or complications in the patenting process.  
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6.6 Company structures and team disputes  
The ownership and structure of Applied Nano Surfaces went through several different stages. In 
the beginning the idea was essentially owned by the inventor and any work related to the business 
was invested at the other team member’s risk. Once the founders started working full time in the 
business the ownership was more evenly distributed between all team members. As the 
commercialization efforts began it became clear that the initial inventor was not well suited for 
the startup environment. In agreement the team concluded that it would be mutually beneficial 
for him to pursue other opportunities. His shares were then bought by the other owners of the 
company without any major conflicts and the company could move on to be efficiently managed.  

Tomologic has a single founder and hence he has retained the majority of the shares. Although 
there have been some discussions regarding shared ownership and company structure from time 
to time this has not been a major conflict in the company. The only regret mentioned in this 
regard is joining an incubator in exchange of share in the company. Joining may in itself not have 
been a bad decision but the exchange of shares for unspecified services from the incubator was 
probably not an optimal decision according to Norberg Olsson.  

As described previously, Siox Machines have an uneven workload which causes some team 
members to put a lot of time into the business at some points where others do not. This has 
occasionally created some friction in the team but it has not resulted in any major conflicts. Since 
all ownership of the company is retained evenly by the team members the company structure has 
not been a challenging issue. The team members in Siox Machines were colleagues in a previous 
company for many years and therefore know each other very well. At their previous employer 
they faced major challenges during the financial crisis so they have worked together not only in 
the best of times but also in the worst of times. These experiences have led to a management 
group that share a high level trust  in one another and any issue can be openly discussed.  

 

 

 

 

 

 



SECOND SECTION: SUCCESSFUL COMMERCIALIZATION 
 

53 

7. Second section: Discussion 
The qualitative study shows that there are many similarities between the startup phases of the 
interviewed firms. The most apparent commonality is the role of end customers and partners in 
the startup process. All three companies worked extremely closely with end customers before even 
establishing a company. Tomologic and Applied Nano Surfaces essentially started their 
companies together with their customers. The very close working relationship with customers and 
end-users gave the companies a deep understanding of the needs and potential demand for their 
product before they began developing it. In the interviews the importance of this relationship was 
stressed by all companies. This strategy is very similar to the causes for success found by Shane 
(2004) in the area of overcoming the technology push problem.  

The second striking similarity between the firms is that they had many years of experience of 
working in the market they were entering. Siox Machines and Tomologic both cite this as a 
highly important factor for success. Because the founders of these companies already had a strong 
network in their market they have not been in need for financiers to accelerate the business in this 
regard. This partly explains how they have been able to develop the business without seeking seed 
financing. Applied Nano Surfaces on the other hand did not have such experience in the team 
initially and had to attract that talent to the company early on. They have also been more reliant 
on having good investors who can bring the right contacts and relationships to the company. The 
firms that already had this experience agreed that there was not much need for additional support 
from investors to add to these relationships. It seems therefore that firms without a long 
experience of operating in a market benefits from seeking “smart money” early on, whereas a 
founder with said knowledge has a smaller potential gain from doing so.  

The third commonality is the absence of major problems or challenges during the critical stages 
of the startup phase. Challenges that are often associated to failing startups, for example patenting 
complications, team conflicts or lack financing, did not happen to any of the companies. When 
asked to go back and identify mistakes and things they could have done differently in the early 
stages of the company, none of the companies could name any clear mistakes or regrets. Each 
firm could however identify certain events as crucial for their survival. It seems plausible therefore 
the successful companies avoided so called “showstoppers”, events that would make it impossible 
for the firms to continue. For example, all three companies stress that the patenting is very 
important for their business. Applied Nano Surfaces admitted that it would have been very 
difficult to continue if something had come up in the patenting process. However, none of the 
companies could mention any real problems that occurred in the patenting process other than 
high costs. Hence, all companies avoided a “showstopper” in their IPR processes.  

Furthermore, the three companies showed a strong ability of dealing with social problems within 
the founding group. The biggest social conflict among the three companies occurred in Applied 
Nano Surfaces. The inventor of the technology did not work well with the entrepreneurial team 
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and eventually left the company. However, the CEO and the inventor were friends since 
childhood and this situation, which could potentially have been very difficult, was handled 
without any deadlocks or major conflicts. Siox Machines also believes that because the team 
consists of former colleague with over a decade of experience with each other conflicts have been 
able to be resolved before the cause any major problems. Tomologic is run by a team which have 
been friends since they studied together at university and the single founder structure has limited 
the conflicts regarding company structure. None of the companies attributes their success directly 
to the relationships in the team but it is apparent that these relationships has drastically reduced 
the likelihood of a major conflict regarding the running and owning of the company.  

Finally, a fifth commonality was that the companies were able to attract financing at critical stages 
of development. Applied Nano Surfaces and Tomologic both cite this as the single most 
important factor for success. All companies were affected by the financial crisis which led to a very 
difficult environment in which to raise funding. Tomologic and Applied Nano Surfaces both had 
financing decisions almost finalized at the time of the crisis, which cause those contracts to be 
cancelled. However, they all managed to survive the financial crisis and attract further funding, in 
some cases just barely. The issue of financing, again, is probably best understood as a case of 
avoiding a showstopper event. The companies cannot be said to be successful just because they 
have attracted capital but rather that by doing so they have avoided a shutting down after out of 
capital.  

As noted in the literature review the factors leading to a successful commercialization of 
technology is difficult to determine. In this study a qualitative method was used for looking at the 
potential factors leading to the success of three companies. The selected companies had products 
which were clear manufacturing innovation and thusly they were an ideal focus for answering the 
research questions. The sample of the study however was very limited. As was the geographical 
distribution of the firms. They were all based in Sweden and therefore the process they described, 
although similar between the firms, is likely to be unique to Swedish firms since it relies on the 
support system available within this region. The biggest weakness of the study is likely to be the 
lack of failed companies in the sample. Although there are clear patterns in the behavior of the 
successful firms there is nothing to compare with in this study. It may be that failed companies 
too worked closely with their customers, had strong teams and managed to avoid unfortunate 
complications. The omission of failed companies is explained primarily by the fact that they are 
difficult to locate. One manufacturing innovation startup that failed was found in the process of 
locating interview subjects, but the founders of this company could not be reached.  
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8. Conclusions  
This section summarizes the findings of this study and answers the research questions found on 
page three.   

8.1) Can the value of an invention be estimated?  
This study found that the potential value of a new technology can be estimated to a high degree 
of validity. The process of estimation however was highly time-consuming and challenging.  

8.1.1) How? 
By using a quantitative approach where all the costs and benefits associated with changing from 
existing technology to adopting a new technology were calculated, the overall gain from the 
invention could be estimated. It was demonstrated that this estimation could be made without 
relying on direct knowledge of cost structures in current manufacturing processes. The study was 
based on secondary data that was publicly available and a rigorous value estimation could still be 
performed. The amount of data needed for this approach was large and collecting it was a major 
challenge. Companies with founders who had many years of experiences of working commercially 
with the conventional technology had a strong advantage in their ability to present a valid value 
proposition. For the commercialization effort it is therefore strongly recommended to include 
such skills in the business, but for making the first analysis of the value of technology it is not 
necessary.  

8.1.2) When? 
Although the value estimation process worked well for most applications studied on this report, it 
was only effective when looking at established technologies. The method used is therefore likely 
to only be suitable for inventions that are sustaining the current technological paradigm. For 
recently emerged technologies this approach did not generate any clear result due to a lack of 
information availability. In such cases non-public information may be necessary, and the value of 
the technology may even be unknowable.  

8.1.3) By whom? 
The value estimation process required a skillset of both technical and business knowledge. This 
can be seen as an indication that the inventor is not suitable for making the analysis alone. 
Furthermore, the value estimation process requires large amounts of time and effort. If the 
inventor focuses on this rather than on the development of the technology the time to market will 
be much slower. These findings provide a case for having a co-founder team with both technical 
and business knowledge. By allowing each founder to focus on using his skills to the fullest the 
tradeoffs between developing the technology and investigating economic value can be somewhat 
avoided. In the interviews with successful companies this arrangement was found in cases where 
the inventor lacked commercial experience in the market.  
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8.1.4) What roles does communication play? 
Understanding what benefits to estimate and how to express the value of those benefits were 
found to be highly important. The value proposition must follow the standards of the industry 
where the technology will be used in order to be comparable to currently used processes. It was 
also found that the communication of the economic value should be communicated differently to 
customers and investors. Each group has different expectations of economic value and the 
inventor will likely benefit from framing the value of his inventions according to the norms of 
each group. 

8.2 How can the invention be successfully commercialized? 
Several similarities were found between the firms interviewed in the qualitative study. They all 
had a very close working relationship with their partners and end-customers, often starting the 
company itself together with the customer. Furthermore, the founders usually had many years of 
experience of working in the market they were entering and therefore understood it well. In the 
case where the founders were not familiar with the market they quickly expanded the team to get 
such experienced people to the company. This group was also more eager to get investors with a 
strong background in the company’s market.  

Successful companies got patents to protect their technology and this proved important for their 
commercialization process. The founding teams were found to consist of old friends. This 
drastically reduced the risks of internal conflicts causing major management problems. It was also 
noted that the companies avoided challenges that could have stopped their startup at an early 
phase, such as patenting issues, ownership conflicts or lack of financing. This could indicate that 
a certain amount of luck was involved.  

8.3 Suggestions for future research  
As noted in the literature review, the process of developing and commercializing manufacturing 
innovations has not received much attention in academic research. To enable a larger utilization 
of technologies that lead to cleaner and more profitable manufacturing their role in the 
innovation landscape must be better understood. An underlying assumption in manufacturing 
innovation research has been that innovation is driven by the manufacturing firms. The role of 
the external actors has been largely overlooked. In many markets a significant amount of 
innovation comes from universities, start-ups and smaller companies. The behavior of these 
smaller firms and how established firms can use them to their advantage has not been explored. 
Furthermore, a more extensive study aimed at providing guidance for academics and inventors 
who want to see their technology used would be beneficial for encouraging commercialization of 
these inventions.  The importance of this transfer of technologies for manufacturing firms and the 
economy as a whole should also be investigated.  
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Appendix A: Solar PV Market Value Chain 

 

Figure 14. The solar PV value chain Source:(Morgan Stanley, 2010) 
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Appendix B: Solar cell manufacturing process 

B1. Manufacturing process of wafers into solar cells 
The process turning wafers into solar cells consist of a series of different process steps. Although 
some variations exist in manufacturing, the standard process flow shown in the image below: 

 

B1.1 Texturing 
The starting material of the solar cell, the wafer, is usually delivered “as cut” to the production 
site, meaning it is already sawed into the right size. This sawing process damages the wafer by 
creating small cracks in the silicon. Therefore, the very first thing that occurs is a process called 
saw damage removal (SDR). For chemical bath solutions the SDR process is also used to texture 
the solar cell to make it better at absorbing light. The saw damage removal of the wafer can be 
achieved using alkaline or acidic solutions as well as with plasma etching (Neuhaus & Munzer, 
2007). With alkaline texturing both mono and multicrystalline wafers can be processed. A 
solution of solution of sodium hydroxide NaOH or potassium hydroxide KOH with an addition 
of IPA is used. After a textured surface is achieved, the wafers are rinsed in deionized (DI) water, 
cleaned in hydrochloric acid (HCl), rinsed in DI water, cleaned in hydrofluoric acid (HF), rinsed 
in DI water, and finally dried in hot air (Neuhaus & Munzer, 2007). The typical process time for 
alkaline texturing is 20-40 minutes (Moyniha, et al., 2009). 

Acidic texturing is independent of the orientation of the crystals in the silicon, which makes it 
suitable for saw damage removal and texturing of multicrystalline silicon. A typical process 
sequence is as follows: (i) saw damage removal and texture in H2O, HNO3, and HF, (ii) spray 
rinse, (iii) KOH to etch porous silicon off that was formed during acidic texture, (iii) spray rinse, 
(iv) HCl clean, (v) spray rinse, and (vi) air drying. The etching time of commercial equipment is 
around 2 minutes per wafer adding up to around 2000 wafer/h for 156 × 156mm wafers 
(Neuhaus & Munzer, 2007). The processing time is very quick, but the resulting reflectance rate 
of the silicon is also significantly higher than with other technologies. An alkaline texturing 
produces wafers 11-14% reflectance (Xia, et al., 2004) and acidic texturing of 20-25% (Cheng, et 
al., 2011). The third process for texturing solar cells is with plasma etching. Although this 
method is rarely used in industrial scale manufacturing, much research has been devoted to the 
potential of the RIE texturing method  (Yoo, 2010) (Fujii, et al., 2001) (Macdonald, et al., 2004).  
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B1.2 Junction formation 
The junction formation, also known as the diffusion process, is where the p-n junction of the 
solar cell is formed. This process requires heat of 800-900 degrees Celsius as a mixture of gases are 
used to create the required junction. This diffusion process is shown in the image below. The 
process is highly complex and will not be described in further detail.  

B1.3 Phosphorous Glass Removal 
After the junction formation process step the wafers are covered by phosphorus-silicate glass. This 
has to be is etched off using a solution of H2O, HF, HNO3, and H2SO (Neuhaus & Munzer, 
2007). It is very common to use a batch wet bench for this process even though inline equipment 
is commercially available.  

B1.4 ARC 
The next step in the process is the application of the anti-reflective coating (ARC). The ARC 
consists of silicon nitride layer that is deposited on the front side of the solar cell. In addition to 
reducing optical losses, the silicon nitride serves as a good passivator of the silicon (Neuhaus & 
Munzer, 2007). This makes it necessary even for wafers that have a very low reflectance, for 
example from RIE texturing.  

B1.5 Contact printing 
In this step both the front and the back contacts of the solar cell is added. The screen-printing 
process is very simple and commonly used in industrial production. Pastes of silver and 
aluminum are used to connect the contacts with the wafer (PANEK, et al., 2003).  

B1.6 Contact firing 
After screen printing, the front and the rear are fired simultaneously in a firing furnace (cofiring). 
The firing process is an inline process with the solar cells placed horizontally onto a metal 
conveyor belt. The temperature of the furnace is up to a 1000 degree Celsius (Neuhaus & 
Munzer, 2007). 

B1.7 Testing/Sorting 

At the end of the solar cell manufacturing process the characteristics of each individual solar cell is 
measured. This serves several purposes: it identifies faulty cells, allows for sorting of the cells 
according to their maximum power point to enable better design when building modules as well 
as data on key indicators about the quality of the cells (Neuhaus & Munzer, 2007). 
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Appendix C: Environmental Impact of PV 

C1. Environmental impacts of PV 
Although solar energy is a renewable and solar PV is considered to be a clean source of energy, the 
manufacturing, installation, running and decommissioning of solar cell installations have an 
impact in the environment. The need to reduce the environmental impact and energy intensity of 
the PV market is well established in the academic literature (Wild-Scholten, et al., 2007) as well 
as in the commercial goals of manufacturers (First Solar, 2012) (REC , 2012). However, before 
reviewing the literature on this topic one must first consider the difference between renewable 
energy technologies and currently dominating technologies for electricity generation. In the figure 
below a comparison of the CO2 emissions per kWh for different technologies is shown.  

Although emissions from each technology will differ depending on location, technology and 
utility, there is no doubt that solar PV, at current manufacturing and efficiencies, is a big 
improvements to most other sources if electricity. Another benefit of PV installations is that they 
generate the most electricity in the middle of the day, when the grid is experiencing the peak in 
demand. During this period the most expensive and most CO2 intense kWh are used. Thus, a 
kWh produced from a solar panel is not only low in CO2, it can often be seen as a substitute for a 
1000 g+ kWh that would have had to be produced by other means had the panel not been 
installed. Although PV systems have a low environmental impact already they must become even 
cleaner to handle the enormous growth that is expected in a sustainable way. 

 

 

Figure 15. Carbon dioxide equivalents emissions from various electricity generating technologies Source: 
(Fthenakis & Kim, 2006) 
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C2. Greenhouse gas emissions from solar cell manufacturing 
As all industrial processes, solar cell manufacturing requires substantial amounts of electricity, 
heat and chemicals. A number of studies have analyzed the primary energy consumption and 
CO2 emissions associated with manufacturing different types of PV technologies. Alsema and 
Nieuwlaar (2000) reported primary energy (per unit area of the module) consumed to produce a 
multi-crystalline solar panel. Based on a solar resource availability of 1,700 kWh/m2/year, the 
CO2 emissions factor for the multi-crystalline was 60 grams / kWh. The study includes a 
roadmap of emissions where the 2010 scenario is assuming panel efficiency of 15% will result in 
emissions on 30 grams/kWh. In Alsema and Nieuwlaar (2006) a follow up study was made where 
emissions are estimated to already have reached 30 grams CO2/kWh for multi-crystalline panels 
manufactured in Europe. They estimate that at efficiencies of 16% the CO2 emissions will be in 
the range of 17-20 grams CO2/kWh. Modules today have an efficiency of about 15.7%  (Suntech, 
2012) (Trina Solar, 2012). The spread of possible emissions from PV manufacturing will 
however vary from these estimations mainly depending on the energy mix in the country where it 
is produced and the amount of irradiance on the site where it is installed. Alsema and Nieuwlaar 
(2000) assume manufacturing in Europe with an emissions coefficient of 0.56 kg CO2/kWh. 
This can be compared to the Chinese emissions factor of about 0.84 kg CO2/kWh (EIA, 2007). 
From this one can conclude that emissions from Chinese manufacturers will be higher but are on 
the same order of magnitude as the modules manufactured in the studies mentioned above. The 
energy intensity in each step of the manufacturing process is shown in the figure below: 

 
Figure 16. Energy input for silicon modules Source: (Alsema & de Wild-Scholten, 2006) 

 
C3. Emissions from new manufacturing concepts  
Some chemicals used in PV manufacturing have a very high global warming effect. Fluorinated 
gases that are commonly used, for example CF4, C2F6, SF6 and NF3 have global warming 
potentials 7390, 12200, 22800 and 17200 times higher than CO2. These gases can be used in 
texturing, phosphorus silicate glass removal (PSG), edge isolation and cleaning operations (see 
technical section for further description of these steps). Wild-Scholten et al., (2007) investigated 
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the impact on the carbon footprint of solar panels when using different manufacturing processes. 
However, recent initiatives to study the use of these gases showed that few companies in the EU 
and the US use these gases (Wild-Scholten, et al., 2007). The roadmap for innovation in PV 
manufacturing is indicating that that dry texturing and PSG removal may be replacing current 
technologies with ones that although more efficient use fluorinated gases (Wild-Scholten, et al., 
2007). They found that dry etching could potentially increase the CO2 emissions of solar panels 
by as much as 25%. However, this estimation is based purely on assumption as no good data on 
the actual emission exists. Abatement systems with 99% efficiency are being sold, but it is not yet 
clear how such system would affect the cost and CO2 impact of the manufacturing. Before 
implementing dry processes these effects should be studied more extensively. 

 
C4. Energy pay-back and energy yield 
A commonly considered metric for evaluating the environmental profile of solar cells is the so 
called “Energy Pay-back Time” (EPT). This is the amount of time it takes for a system to 
generate the same amount of energy it took to produce the system. A PV panel will have no net 
benefit until it has been running longer than its energy pay-back time. Alsema and Wild-Scholten 
(2006) found that the expected EPT for current module efficiencies is about 0.8-1.5 years. The 
solar company REC recently announced that their modules now have an EPT of less than one 
year (REC , 2012), validating this result. Despite being a well-established metric for evaluating 
the energy balances of solar cell, scholars have criticized the use of this model. Watts and Richards 
(2007) argued that just looking at the primary energy used in manufacturing and comparing it 
with the time needed to generate that amount is missing one fundamental variable: the lifetime of 
the system. They propose instead the use of “energy yield ratio” (EYR), a metric to measure how 
many times the initial energy input that is generated over the lifetime of the system. This gives a 
more accurate understanding of the energy balance of a solar cell. High efficiency cells have 
higher EPT because they require more sophisticated manufacturing, but their EYR may be lower 
than lower efficiency cells. The lifetime of today’s solar panels is still largely unknown since few 
modules have been in operation more than 30 years. Warranties are usually given for a maximum 
of 20% power decrease over 25 years in operation and lifetimes between 25 and 40 years is 
usually assumed in the literature (Watts & Richards, 2007) (CanSIA, 2006). The EYR was 
estimated at between 6 and 14 using in 2007 (Watts & Richards, 2007), and with EPTs of less 
than a year it should now be roughly equal to the lifetime of the system.  
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Appendix D Market estimation 

D1. Mono 
No precise information about the cost distribution of the manufacturing steps for 
monocrystalline solar panels were found. Therefore it will have to be estimated. For a 
multicrystalline solar panel about 20% of the cost is related to the cost of the solar cell 
manufacturing step. The biggest difference in cost structure between mono and multi is the 
difference in raw material costs. The monocrystalline material is about twice as costly (Deblock, 
2011).  Assuming manufacturers having equal margins the cost distribution of multicrystalline 
found in the literature review can be modify with an assumption of twice as high silicon cost. 
This results in the following cost structure:  

 

Figure 17 Cost distribution monocrystalline Panels. Assuming twice as high silicon cost as figure on page 24 
 

Using the data available so far the market for monocrystalline solar cell processing can be 
estimated to be €30 billion (total PV panel market) * 36% (share of monopanels) * 18% (cost of 
solar cell step) which equals roughly €2 billion.  

The last step in the market sizing is finding how big the texturing step is within the solar cell 
processing market. The cost of the texturing step relative the other solar cell step will be different 
for different producers. The cost depends for example on the choice of equipment, texturing 
technology and throughput. Experimental results indicate that the cost of texturing is about 20% 
for monocrystalline. This is significantly more than for multicrystalline. This is expected since the 
process time is much longer for the monocrystalline texturing. The texturing market for 
monocrystalline texturing could therefore be estimated to be 20% of €2 billion, about €400 
million.  
 

31%

20%18%

31%

Cost Distribution Monocrystalline Panels
Monosilicon Wafering Cell Module
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D2. Multicrystalline  
The market can be estimated directly using the information above and in the literature study. A 
46% market share of a €30 billion market is about a €14 billion market for multicrystalline solar 
panels. Of this about 21% is related to the cell processing steps, making the crystalline solar cell 
market about €3 billion. Of the different processing steps in the solar cell manufacturing process 
the texturing constitutes about 13.5% of this revenue, making the multicrystalline texturing 
market around €400 million.  

D3. Mono-like-wafer 
Since this is a new type of wafer that has only been commercially available for about one year, 
future market size is a difficult task. Many companies have made public commitments to the 
technology and based on these a future market can be estimated. The following large PV firms 
have made major investments in this type of technology: GCL, Renesola, Qcells, Phoenix, 
Canadian Solar, Tainergy and JaSolar. GCL-Poly has partnered with Canadian Solar and 
Taineergy and is expecting so manufacture some 30 million wafers of quasi-monowafer in the 
first quarter of 2012 (GCL-POLY, 2011). They are aiming at delivering 100 million wafers per 
month by the end of the year (GCL-POLY, 2011). At module sizes of 200 -245 watts each (as 
offered by (JaSolar, 2012)) that equals a capacity of about 400 MW monthly. JaSolar is currently 
selling one type of module that is based on the quasi-mono technology called “Maple” (JaSolar, 
2012), although no sales or manufacturing data has been released. Renesola has a 900 MW yearly 
manufacturing capacity with their quasi-mono technology (iStockChina, 2012). German firm 
Qcells issued a press-release claiming a world record efficiency for quasi-mono wafers and say that 
manufacturing will begin shortly (PVTech, 2012). Phoenix PV is constructing a 500 MW quasi-
mono manufacturing line (PV-Pheonix, 2011). Silicon manufacturer AMG acquired a quasi-
mono technology from BP Solar during 2010 (AMG, 2010). 
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The market for quasi-mono wafers could therefore be as large as 5 GW from GCL-Poly, 900 
MW from Renesola, 500 MW from Phoenix PV plus unknown quantities from other 
manufacturers. JaSolar has an annual production of 3 GW (JA Solar, 2012) so a new product 
could not be expected to constitute more than some hundred MWs more in the short term. As 
JaSolar is the largest company in the group no other company is expected to manufacture larger 
quantities in the short term.  Therefore, in an optimistic scenario the global market for quasi-
mono 2013 could be estimated at about 7-8 GW. Assuming a price of about €2 per watt (prices 
as of February 2012 ( (Solarbuzz, 2012)) the market can be estimated at €15 billion. Assuming 
everything else is equal to the multicrystalline case the market for the texturing step for quasi-
mono wafers could be estimated to be around €200 million in 2013. It seems highly likely that 
should this scenario be correct, the growth of this segment will be mainly through cannibalization 
on mono and multicrystalline markets. 
 

D4. EFG 
There seem to be only one solar company using this technology: Schott Solar. They hold key 
patents on the EDF technology (Schott, 2012). However, this method of manufacturing was 
discontinued in September 2009 due to its inability to meet the cost reduction pace of other 
technologies (Schott, 2009). No other major manufacturer using EDF technologies have been 
found. The market is therefore likely to be non-existent or very small. This market will therefore 
not be considered in the following sections.  
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Appendix E: Cost distribution of solar cells 
manufacturing steps using additional sources 

E1. Centrotherm Grid Parity Factory study (Photon, 2008)  
The Solar Equipment manufacturer Centroterm data published a breakdown of costs of 
their ”grid parity factory” in leading solar energy magazine Photon in December 2008. This data 
is distributed over the different types of costs rather than the different processes. The costs can 
however be redistributed on a per process basis to get an idea of the cost distribution between the 
processes. The data is divided into five categories: Equipment investment, cost of building, 
production goods, running costs and work force. The distribution between these five categories 
can be seen below:  

 
 

 

Figure 18. Cost distribution solar cell manufacturing processes Source: (Photon, 2008) 

E2. Production goods 
As can be seen in graph the major cost driver is consumable production goods. These will be 
analyzed to find the distribution of each cost among the manufacturing steps. It is stated that the 
production goods costs comes from three major sources: silver paste, aluminum paste and other 
chemicals. The yearly manufacturing capability of the factory is 347 MW and the yearly cost 
spent on production goods is € 39.3 million. The silver paste is stated to be used 0.047 g/W + 
0.042 g/W which would lead to a yearly consumption of 30.88 tons of silver paste per year. The 
paste consists mainly of silver, to 70-90% (Eco-Business, 2011), so if 80% silver content is 
assumed 24.7 tons of silver is used yearly. Assuming a silver price of $15 per ounce (approximate 
average in 2008) or $0.52 per grams (Kitco, 2012), and using exchange rate of 0,63 USD/Euro 
(OANDA, 2008) the yearly spending on silver paste is 24.7*10^6 [grams] * 0,52 [USD/gram]* 
(1/0.63) [Euro/USD] = approximately €20.4 million.  
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The cost of the aluminum paste can be estimated using the same method. It is stated that 0.416 
g/W is used, equaling 144.4 tons per year. The aluminum price is assumed to be $1 per ounce or 
$0,035 per gram (Metalprices.com, 2012). Assuming 80% aluminum content the amount used is 
115.5 tons of aluminum. The cost of the aluminum paste can then be assumed to be 115.5*10^6 
* 0,416 * 0,035 = approximately € 6.4 mn. The remaining yearly costs for chemicals can then be 
approximated as 39.3 – 20.4 - 6.4 = € 12.4 mn.  
 
Studies on the costs of SDR/Texturing equipment show that a 1200 wafers/hour manufacturing 
line has a yearly cost of consumables approximately 134 000 USD (Kashkoush & Jimenez, 2009). 
The Centrotherm factory has seven texturing stations which combined produce 347 MW yearly. 
This requires equipment with a 1600 wafer/hour capability. Assuming that the use of 
consumables is proportional to wafer throughput this equals a yearly cost of 178 000 USD yearly 
per texturing stations. The total can then be estimated at 178 000 [USD/Year] * 7 [number of 
stations] * 1/0.63 [USD/Euro] = € 2 mn. Using the same method the cost of consumables for 
diffusion can be estimated at €2.36 mn (Kashkoush & Jimenez, 2010). The PSG step can be 
estimated to be similar to the texturing since they are both wet bench processes and of the same 
dimension. Remaining is the consumables in the ARC step and in the “other category”. Reliable 
information regarding cost of consumables in these cases has not been found. There is €7 mn 
spent on consumables unaccounted for and according to the literature there is substantial costs of 
consumables in the ARC step, so the costs can be assumed to be ARC: 5, Other: 2.  

E3. Equipment investment costs  
This section will suggest a plausible distribution of the investments costs in the Centrotherm case 
(Photon, 2008). A texturing station of the dimensions of 347 MW annually has an investment 
cost of € 4.52 mn yearly (Kashkoush & Jimenez, 2009). The diffusion station has an investment 
cost of € 2.8 mn yearly (Kashkoush & Jimenez, 2010). The PSG bench is again assumed to be 
the same as the texturing bench in terms of costs. The ARC equipment is usually 30% of the total 
investment cost which equals € 6.6 mn yearly (Journal of the Mechatronic Industry, 2008). 
Finally, the metallization and other equipment has € 3.6 mn euros un accounted for. This is 
assumed to be distributed metallization €2.6 mn and Other €1 mn. The adjusted Centrotherm 
data using the assumptions above can be seen on the next page.  
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 Investment cost [€ mn] Consumables [€ mn] Total yearly [€ mn] 
Texturing 4.52 2 6.52 
Diffusion 2.8 2.35 5.15 
PSG removal 4.52 1 5.52 
ARC 6.6 5 11.6 
Screen printing 2.6 26 28.6 
Other 1 2 3 

Table 13. CAPEX and OPEX cost of each solar cell manufacturing step 
 
Assuming similar utility, labor and maintenance cost for the manufacturing steps, the following 
cost distribution is found for the Centrotherm “grid parity” solar cell manufacturing line. The 
results have a clear similarity with the results in (Leu & Richter, 2010). The main difference is 
the addition of the category “other” and the ARC step being a larger part of the cost. It should be 
noted that this is the step where there was no direct data so the assumption of consumables has a 
high degree of uncertainty.  

 

Figure 19. Cost fractions solar cell manufacturing (Photon, 2008) 

 

E4. Thesis from MIT (Sounni, 2010) 

 A third and final source for the cost-distribution of the solar manufacturing steps were found. In 
2010 Amine Berrada Sounni wrote a Master’s thesis at Massachuset Institute of Technology on 
the topic of light-trapping designs. One section of the thesis focuses on the costs of the different 
manufacturing steps. This distribution was partly established through communication with a 
solar manufacturing company, though the sources are not well presented in the thesis. The model 
presented has a higher amount of consumables than what is expected. Correcting for this, the 
cost-distribution showed below is found.   
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Figure 20. Cost distribution of solar cell manufacturing steps Source: (Sounni, 2010) 
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Appendix F Estimation of RIE-texturing cost 
F1. Changes in current equipment 
As concluded in the implementation analysis the currently used texturing equipment will still be 
used when implementing RIE-texturing. However, only the saw-damage removal part of the 
process is needed. This means that only half of the capacity is needed and conversely all related 
costs will also be cut in half. It is assumed that the cost distribution between saw-damage removal 
is 50/50. This is supported by the literature. Both acidic and alkaline texture structures has a high 
of about 10 microns  (Solar&Energy, 2010) (Yoo, et al., 2011), and the SDR is estimated at 5-10 
and 10-20 microns (Beaucarne, et al., 2008) (Markvart & Castaņer, 2003). 

F2. Additional equipment 
The equipment to be added is an RIE-texturing station with industrial throughout rate. The 
equipment is itself similar to the PECVD equipment (Roth&Rau, 2008). The investment cost 
will therefore be compared to the PECVD and a detailed analysis of differences in gases will be 
performed to determine the additional cost of running the equipment. A detailed cost 
distribution of the PECVD process (used in the ARC step) is shown below.  

Cost drivers in PECVD process  
Silane Gas 10.98% 
NF3 Cleaning Gas 35.98% 
Other Material Cost 14.43% 
Direct labor 1.42% 
Utility Cost 4.07% 
Equipment cost 17.28% 
Maintenance 5.28% 
Cost of capital 10.57% 

Table 14. Cost distribution PECVD process Source: (NREL, 2010) 
 

The RIE-texturing process uses the chemicals SF6 and 02 (oxygen) instead. The chamber 
cleaning in RIE can be performed with oxygen plasma, removing the need for the expensive NF3 
gas. SF6 is a factor 10 cheaper than silane gas (Diytrade, 2012). Quotes on oxygen and NF3 costs 
were received by contacting sellers on website alibaba.com. NF3 gas was offered at a cost of 
$58/kg (Alibaba, 2012) and oxygen gas at $3.3/kg (Qingdao Ruifeng Gas Co., 2012). Assuming 
that the amount of gas used is roughly the same and that all non-gas related costs are the same, 
the difference in cost can be estimated as:  
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Cost drivers in PECVD Cost fraction PECVD Change in cost for RIE process 
Silane Gas 10.98% - 90% 
NF3 Cleaning Gas 35.98% - 95% 
Other Material Cost 14.43% - 95% 
Direct labor 1.42% No change 
Utility Cost 4.07% No change 
Equipment cost 17.28% No change 
Maintenance 5.28% No change 
Cost of capital 10.57% No change 

Table 15. Cost difference between PECVD and RIE process 
 
The cost of the RIE-texturing process can estimated as:  

 Fixed costs: 10.57+5.28+17.28+4.07+1.42= 38,62% 
 Consumables cost: 10.98*0.1 + ((35.98+14.43)*0,05)= 3.62% 

According to this analysis the cost of the RIE-texturing process will be about 42% of the cost of 
the PECVD processing step. To validate this result two cleanroom facilities were contacted and 
their pricing for renting PECVD versus RIE equipment was compared. The first cleanroom was 
Norwegian facility Norfab in Trondheim. Their rate for the RIE is 750 NOK and for PECVD it 
is 1200 NOK, making the RIE 38% cheaper (Norfab, 2012). The second cleanroom contacted 
was Danchip at the Technical University of Denmark. They offer RIE at 670 DKK and PECVD 
at 1150, making the RIE  42% cheaper (Danchip, 2012). The cleanroom prices indicate that the 
cost difference between RIE and PECVD is indeed large. The cleanroom pricing is a levelized 
cost, meaning all costs related to the equipment have been incorporate in the pricing. However, 
there are several reasons why the price difference between the processes should be expected to be 
smaller in a lab scale environment. The primary cost-driver in a university cleanroom is likely to 
be staff and having equipment that can perform a wide variety of functions. In an industry 
environment the process would be optimizeD to perform a single function, and the cost of 
consumables would represent a bigger part of the cost associated with the equipment. Since the 
cost difference between the two processes is found in the difference in gas costs, this saving would 
be bigger in the industrial case. Therefore it seems reasonable to assume that the costs comparison 
between RIE and PECVD performed above can be used to model the cost for using RIE-
texturing equipment.  

When the above estimated cost is added to the manufacturing cost model of (Leu & Richter, 
2010) the cost of saw-damage removal and texturing is still 13% of the total cost. Our analysis 
therefore suggests that the costs of RIE-texturing and wet bench texturing are almost identical. 
This is supported by a cost-comparison study between the two technologies that found RIE-
texturing to cost 3.5-5 €c/Watt compared to 4.0-6.0 €c/Watt (Agostinelli, et al., 2004). The 
study concludes that the cost of water is a primary cost driver of wet texturing technology and 
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that switching to a dry process may be a wise strategic decision if one expects the price of water to 
increase.  
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Appendix G: Quantification of value from RIE-
texturing 
 
G1. Quantification of benefits of RIE-texturing  
There are three main benefits from using the RIE-texturing technology. The texturing structures 
are smaller which allows for thinner wafers, the manufacturing process has the potential to reduce 
costs and the efficiency of the solar cells is increased. As described previously, about equal 
amounts of silicon is etched of for saw-damage and for texturing. By replacing texturing 
structures of 10 microns with a height of 1 micron, 9 microns can be saved from the front and 10 
microns from the back. A wafer that previously had a total width of 180 microns now only needs 
to be 161 microns thick, saving 9% of the silicon cost per wafer. The process cost, according to 
the analysis in the previous section, offers a slight cost advantage of 0.4%. The uncertainty of this 
figure is however high.  

Finally, the efficiency improvement must be estimated. It will differ between mono, multi and 
quasimono wafers. There are a number of studies showing increased efficiency of multicrystalline 
wafers using RIE-texturing. A summary of these can be found in the table below. Studies on 
monocrystalline and quasimono wafers are absent from the publish studies found. In 
correspondence with PV consultancy firm TitanOasis  monocrystalline wafers ares not expected 
to relevant whereas quasimono wafers were thought to hold the biggest potential (TitanOasis, 
2012).  

Study: Efficiency improvement:  
(Lee, et al., 2011) 0.7% 
(Ruby, et al., 2005) 1%* 
(Ruby, et al., 2000) 0.5% 
(Burgers, et al., 1998) 0.6% 
(Shim, et al., 2012) 0.3%* 
Table 16. Summary of studies on efficiency improvements from RIE-texturing.  

*Study include additional manufacturing changes 
Efficiency improvements span from 0.3% to 1% which indicates that an assumed efficiency 
increase of 0.5% is reasonable. The value of improving efficiencies by 0.5% can be estimated 
using data from (Photon, 2008). Cells with the dimensions of 15.6*15.6 centimeters and an 
efficiency of 15.8% are produced. This gives each produced solar cell 3.85 watts. If the efficiency 
was increased by 0.5% each cell would generate 3.97 watts. The RIE-textured wafers have an 
increased generating capacity of 3% which effectively means a 3% cost-reduction in the dollar per 
watt.  

To estimate the total value of the RIE-texturing process the two benefits found, thinner wafers 
and higher efficiencies, will be used to compare with wafers produce using traditional texturing 
methods. Using the current market price, producer margin and cost-distribution in the value 
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chain the cost of each step can be estimated. The saving in each step can then be added to the 
RIE-texturing case and the effect on the end price can then be seen. The results can be seen in the 
table on the next page. The silicon saving occurs in the very first step in the value chain. This is 
outside the system boundary that was originally considered. The improved efficiency changes the 
$/W in the solar cell manufacturing by increasing the number of watts per call. The overall cost 
advantage is found to be about three percent.  

Value-chain step Traditional Texturing [$/W] With RIE-texturing 
[$/W] 

Saving origin: 

Silicon Cost 0.248832 0.22643712 Less silicon needed 
Wafer 0.186624 0.186624  
Solar Cell 0.217728 0.21119616 Increased efficiency 
Module 0.383616 0.383616  
Producer Margin 0.0432 0.0432  
Retail Price 1.08 1.051  

Table 17. Comparison of manufacturing costs between traditional texturing and RIE-texturing. Cost saving 
assumptions are a reduced need of wafer thickness by 9% and an improved efficiency of 0.5%.  

The producer margin is set at 4% (PV-Tech, 2012) 
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Appendix H: Environmental impact of RIE-texturing 
technology 
H1. Emissions impact of RIE-texturing: 
As discussed in Appendix C one of the major challenges for dry processes is their potentially high 
global warming effect. The gases used in RIE-texturing have a very long atmospheric lifetimes 
and global warming effect over 20 000 times larger than CO2 (Wild-Scholten, et al., 2007). 
Efficient abatement systems that handle the gases after use are necessary. According to dry 
texturing manufacturer Semisecon such abatement systems are already used at all major 
manufacturers (Walther, 2012). This is however difficult to confirm. especially in regions where 
environmental legislation may be more lax than in Europe or the US. This section will review the 
studies on the environmental effects of changing to RIE-texturing technology.  Two studies on 
the GHG impact of dry texturing were found. The results of the studies are shown in the table 
below. The first thing to notice is that the emissions in all cases are very low compared to all 
traditional electricity sources. The study by Wild-Scholten et al. (2007) shows an increase of 25% 
in emissions when switching to RIE-texturing. This study however assumes that the same 
material use and solar cell efficiency is achieved independent of texturing technology choice. The 
study Agostinelli et al. (2004) finds that an efficient abatement system will lead to lower 
emissions from RIE-textured solar cells. This study also assumes no difference in performance or 
resource use between technologies.  

Study:  Standard Process 
gCO2/KWh 

RIE-texturing 
gCO2/KWh 

Abatement system 
efficiency [%] 

(Wild-Scholten, et al., 
2007) 

30-36 38-46 95 

(Agostinelli, et al., 
2004) 

15-70 7-15 98 

Table 18. CO2 emissions per generated kWh from standard and RIE-textured solar cells  
Sources: (Wild-Scholten, et al., 2007) (Agostinelli, et al., 2004) 

To estimate the emissions from solar cells manufactured with the manufacturing set-up described 
in this thesis the beneficial aspects of RIE-textured must be included. In a study by Alsema and 
Wild-Scholten (2006) the silicon raw material was estimated as being 44% of the total energy 
input. Assuming a 9% lower material use and that energy usage in each step is proportional to 
CO2 emissions from that step. the emissions can be expected to be reduced by 44*0.09 ≈ 4%. 
Furthermore. an increased output of 3% (due to increased efficiency) will reduced the emissions 
further. Including these benefits to the analysis results in the following emissions 
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Study:  Standard Process 
gCO2/KWh 

RIE-texturing 
gCO2/KWh 

Abatement system 
efficiency [%] 

Adjusted (Wild-
Scholten, et al., 2007) 

30-36 35-42 95 

Adjusted (Agostinelli, 
et al., 2004) 

15-70 6-14 98 

Table 19. CO2 emissions per kWh from standard and RIE-textured solar cell adjusted for benefits of RIE-
texturing  

 

H2. Energy payback 
The time it takes for each module to produce the energy it took to produced it will be reduced 
with RIE-texturing. This is mainly because of the reduced need of the raw material. As described 
in the previous paragraph. this will reduced the total energy input with about 4%. The three 
percent increase in generating capacity lowers the EPT further. An already low payback time of 
one year for REC modules will now be about 11 months. This would put the lifetime energy 
yield at number higher than the lifetime of the system.  
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Appendix I: Interview Questions  
1. When did you come up with your idea and what were the first steps taken to make 

something out of it? 
2. How was the value of the idea/invention estimated at that early stage? 
3. Who was in the team and how was it built from that point? 

a. When did the first full-time employee start? 
b. How did you know when were additional skillsets were needed and how was 

people with those skills found and recruited? 
4. How did you get your first round of major financing? 
5. How was the first product created? 
6. How did you get your first customer? 
7. What key challenges did you encounter before getting your first customer? 
8. Were there any conflicts regarding company structure and ownership?  
9. What role did IPR play and did any critical incidents occur in this process? 
10. What role did angels/investors do for the company at an early stage? 

a. Was this more or less than was expected of them? 

 


