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Abstract 

Producing the strongest bio-based material called nanocellulose, in the form of filaments, has 

shown to be technically feasible at lab-scale, but the production costs remain unknown. The 

research has focused on technical feasibility and less on costs, which is a common phenomenon 

when developing new technologies. Constructing a Process-Based Cost Model (PBCM) can 

link the technical aspects of a technology to its costs of production. However, the accuracy of 

such a model might be dependent on the data availability of the technology. In this study, the 

technology of producing nanocellulose filaments has been evaluated along the scale of 

Technology Readiness Level (TRL) to understand the maturity of the technology and a PBCM 

has been constructed to show the economic prerequisites for the production of nanocellulose 

filaments.  

The main results indicate that at TRL 4, with parts of TRL 5 fulfilled, parameters such as 

Capital Expenditures cannot be allocated to unit production cost, only Operational 

Expenditures. Therefore, the relevant cost elements become material and energy as these 

constitute the currently available data. The PBCM can thus be used to estimate the production 

costs of different scenarios while highlighting the areas of future research. In the empirical 

context of nanocellulose filament production, utilizing deionized water in the production is a 

more promising option compared to utilizing solvents as the cost of recovering the solvent 

becomes high. Furthermore, using deionized water also becomes more promising due to the 

fact that other scenarios have not yet been evaluated experimentally.  

However, as the technology matures and more data becomes available, the model accuracy will 

increase as more parameters can be included in the model and the basis increases for decision-

making regarding techno-economic concerns of the technology. 

 

Keywords: Process-Based Cost Model, PBCM, Technology Readiness Level, TRL, nanocellulose 

filament, cost-estimation, double flow-focus, bio-based material  
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Sammanfattning 

Produktionen av världens starkaste biobaserade material, nanocellulosa i filamentform, har 

visat sig vara tekniskt möjligt på labbskala, men produktionskostnaderna är idag okända. 

Forskning som fokuserar mer på den tekniska genomförbarheten och mindre på 

produktionskostnader är ett vanligt förekommande fenomen i utveckling av ny teknologi. 

Genom att konstruera en processbaserad kostnadsmodell (PBCM) kan en teknologis tekniska 

aspekt länkas till dess produktionskostnader. Dock påverkas en sådan modells noggrannhet av 

datatillgängligheten för teknologin. I denna studie har teknologin för produktionen av 

nanocellulosa filament utvärderats längs med Technology Readiness Level (TRL) skalan för 

att förstå teknologins mognadsgrad. Därefter har en PBCM konstruerats för att visa de 

ekonomiska förutsättningarna för en produktion av nanocellulosafilamenten på industriell 

skala. 

Huvudresultaten indikerar att på TRL 4, med delar av TRL 5 uppfyllda, kan somliga parametrar 

såsom investeringskostnader inte allokeras till enhetsproduktionskostnaden, utan bara löpande 

kostnader. De relevanta kostnadselementen blir därför material och energi då dessa utgör den 

aktuellt tillgängliga datan. PBCM kan därför användas för att beräkna produktionskostnader 

av olika scenarion och lyfta fram områden för framtida forskning. I den empiriska kontexten 

av produktionen av nanocellulosafilament är användningen av avjoniserat vatten ett mer 

lovande alternativ jämfört med användningen av lösningsmedel då kostnaden för återvinningen 

av lösningsmedlet blir högt. Dessutom är användningen av avjoniserat vatten mer lovande 

eftersom övriga scenarion inte har testats experimentellt än. 

Allteftersom teknologin mognar och mer data blir tillgänglig, så kommer modellens 

noggrannhet öka då fler parametrar kan inkluderas i modellen och därmed kan underlaget öka 

för beslutsfattning gällande teknoekonomiska frågor om teknologin. 

 

Nyckelord: Processbaserad kostnadsmodell, PBCM, Technology Readiness level, TRL, 

nanocellulosafilament, kostnadsestimering, dubbelflödesfokusering, biobaserat material  
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1 Introduction 
The following chapter presents the background, area of research, purpose and research 

questions that will be examined in this study. The limitations and delimitations of the study will 

also be presented, followed by what this master thesis will contribute to in the chosen field of 

study. 

 

1.1 Background 

Nanocellulose is a product produced from wood fibres (Innventia.com., n.d.) and has been 

tested in lab-scale where it has shown exceptional material characteristics such as high 

strength-to-weight ratio and stiffness when spun into filaments (Håkansson et al., 2014). The 

bio-based plant material has several advantages. Its biodegradability, environmental 

friendliness and renewability could enable a replacement of the petroleum-based materials 

(Kargarzadeh et al., 2017; Ragauskas, 2006). However, as the process of spinning 

nanocellulose fibres into strong, continuous filaments is still in its development process, 

production costs are still an uncertainty. 

The uncertainty in the production costs arises as a consequence of the technical aspects of the 

process as they are interrelated. There is a need to consider production costs upon which 

decision-making can be based when exploring different process alternatives (Field et al., 2007). 

Production costs are not always the focus in the development of new processes, as other design 

parameters that engineers might be more familiar with tend to take centre stage. This ultimately 

leads to a discrepancy between production design and production cost and this occurs despite 

production cost being a vital performance metric for both engineering and management, as well 

as being directly affected by the technical changes to the process (Kirchain, 2001). As costs 

have traditionally been the focus of the accountant and been estimated in retrospect it has not 

frequently been used as basis for decision-making for new product development. However, as 

production costs need to be considered for decision-making concerning new technologies, new 

ways of estimating production costs tend to be more speculative in nature related directly to 

the uncertainties in technical changes that will characterize the production process (Field et al., 

2007). Adequate cost estimation methods must be utilized depending on the data availability 

of the technology, thus making the maturity of the technology an aspect to consider in order to 

provide a descriptive basis for decision-making (Buchner et al., 2018). 

 

1.2 Area of Research 

One tool of analysis to estimate production costs at an early stage of development is by using 

Process-Based Cost Modelling (PBCM), which consists of a technical-, operations- and lastly 

a financial model. The three interrelated models make PBCM bridge the gap between the 

technical and economic uncertainties. However, the modelling remains highly context 

dependent without any “one-size-fits-all" method of use. It has historically been applied for 

functionally equivalent products, in the automotive (Field et al., 2007), bio refinery (Cheali et 
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al., 2015; Janssen et al., 2009) and in the optoelectronic industry (Fuchs et al., 2006) to name 

a few.  

The applicability of PBCM in a new context might depend on the available data concerning 

the technology it aims to model. Therefore, before attempting to model, it could be beneficial 

to attain an expanded understanding of the context. Therefore, using the TRL scale, which is a 

concept used to grade the maturity of technologies according to their data availability, could 

help understand how PBCM can be applied in that specific context.   

 

1.3 Purpose 

The purpose of this study is to focus on the phenomenon of estimating the characteristics of 

the nanocellulose filament production at an industrial scale with respect to cost based on the 

TRL of the current lab-scale production. The estimation will be done by utilizing PBCM. The 

study will also explore what implications that can occur as a consequence of the technology’s 

maturity level when performing cost estimations. 

 

1.4 Research Question 

In order to achieve the previous described purpose, a case study has been conducted at the 

department of Bioeconomy at RISE Research Institutes of Sweden AB. The study will aim to 

answer the following main research question (MRQ): 

MRQ: How does the TRL grading affect the application of PBCM in the context of the 

nanocellulose filament production? 

In order to answer the main research question, the following Sub-Questions (SQ) need to be 

answered: 

• SQ1: What is the level of maturity of the current nanocellulose filament production 

process available at lab-scale and what limitations exist as a consequence of the 

maturity level in an industrial scale? 

• SQ2: How can PBCM be utilized to understand the production process of the 

nanocellulose filament? 

 

1.5 Study limitations and delimitations 

The case study is limited examining a lab-scale production plant of nanocellulose at the 

department of Bioeconomy at RISE and is studied during a time span of approximately 20 

weeks of full-time work. This implies that the study is not longitudinal and therefore the actual 

decisions made and related results concerning the production scaling could not be examined in 

retrospect. The precision and accuracy of the presented study could also not be evaluated after 

the 20 weeks. 

The evaluated process alternatives have been suggested by researchers at RISE to decrease risk 

of choosing technically unrealistic scenarios, thus placing emphasis on the financial differences 
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between scenarios. The scenarios evaluated in this study are hypothetical and have not been 

implemented at the time of the study. Therefore, this study will not consider whether the 

changes have been made or not. It will instead presume that the changes have been 

implemented, followed by identification of problems and challenges. 

The objects of analysis are limited with respect to priorities of the involved partners at RISE. 

The intention was to conduct an economic evaluation of an industrial production process based 

on the current lab-scale of the nanocellulose filament production, utilizing PBCM with regards 

to TRL. No economic evaluation has been found that was conducted in a similar setting and 

that took the same parameters into account. This master thesis is thus limited to a single case 

study. 

  

1.6 Contribution to the field 

This study seeks to contribute to the case company RISE, to the academia and other 

organisations undergoing similar changes in their production process. This study will have a 

methodological contribution, as it presents how utilizing PBCM at a certain TRL could help 

identify the relevant cost elements, cost drivers, problems and challenges especially suited to 

the context of this project. The performed cost estimations, identified challenges and 

suggestions for future studies that will be presented in this study could provide guidance in 

future decision-making of the process development as well as in the search for determining 

potential application areas of the nanocellulose filaments.  

This study will also have an academic contribution in the field of PBCM with respect to TRL, 

in the context of nanocellulose filament production. It partly involves a technical process 

description and a cost estimation of different production process alternatives that are 

undergoing constant development, which implies that this study will need to be updated as the 

technology develops and matures. It has been considered that this is a single case study where 

decisions and limitations have been made in consultation with the involved parties in this study. 

Given the circumstances, the results may be applicable to the case company and other 

organizations who are engaged in process development, with similar settings, and is in the 

process of conducting economic evaluations of production processes. 
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1.7 Report structure 

The disposition of this master thesis and the content of each chapter is summarized. 

1. Introduction. This chapter provides a background to both the empirical context as well 

as the theory which are the focus of this study, more specifically highlighting the issues 

of conducting early cost estimations in the context of nanocellulose filament 

production. Based on these points, the purpose, main research question, the study’s 

limitations and delimitations and the contribution to the academia and to the case 

company are also stated.  

 

2. Method. This chapter addresses the chosen methodology to accomplish the purpose of 

this project. An overall view of the research design reflects how this study was 

conducted. This chapter also presents how data was collected, analysed as well as how 

the quality of this study was obtained. 

 

3. PBCM. The fundamental pillars of PBCM are presented in order to answer the main 

research question of this study. This chapter will present a technical-, operational- and 

financial perspective and provide a theoretical foundation to connect the technical 

characteristics of nanocellulose filaments to its financial implications. 

 

4. TRL. This chapter presents the framework of TEA and concept of TRL in order to 

identify the maturity level of a specific technology and the possible limitations it might 

cause when applying a cost model.  

 

5. Case background. This chapter presents the background of the case company where 

this study was conducted. The process description of the current lab-scale process of 

the nanocellulose filament production is introduced along with its challenges and 

possibilities. 

 

6. The technology maturity of the lab-scale. This chapter provides information 

regarding the grading of the current lab-scale nanocellulose filament production on the 

TRL-scale. The criteria not fulfilled have been highlighted and discussed as limitations 

for the next chapter’s utilization of PBCM in the context of estimating the 

characteristics determining the costs of an industrial scale production. 

 

7. PBCM in an industrial scale cost estimation. In this chapter, the created PBCM for 

the industrial scale is being presented, consisting of a technical-, operations- and 

financial model. The chosen cost elements with regard to limitations from TRL-

evaluation are considered. Finally, the contributing factors and cost elements are 

identified, calculated and analysed for each process step to establish an overview of the 

total costs of each production alternative. 
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8. PBCM’s applicability in the context of nanocellulose filament production. This 

chapter provides an in-depth analysis, where the created PBCM for the industrial scale 

based on today’s lab-scale process is discussed. All pillars of the PBCM have been 

applied onto the empirical context and are analysed. More specifically, the 

interpretation of how PBCM can be applied and what implication exists as a 

consequence of the evaluated technology maturity is being presented and discussed. 

 

9. Conclusion. The conclusion aims to answer the sub-research questions to then answer 

the main research question. Furthermore, the contribution of this study to the UN 

Sustainable Development Goals is presented and discussed. 

 

10. Future research. This chapter highlights aspects of this study that could be of interest 

for further investigation. The recommendations have been divided into two categories: 

For the academia and for the case company, RISE. These act as suggested areas of 

studies that could and should be pursued to be able to make more well-founded 

decisions concerning the production of nanocellulose filaments. 
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2 Method 
The following chapter presents the chosen methodology to accomplish the purpose of this 

project. An overall view of the research design is first presented, followed by a description of 

the chosen method for data collection, qualitative approach and observations. Each section 

involves describing theories and methods used in the different phases of the study. The chapter 

concludes with describing validity, reliability as well as discussions regarding the ethical 

considerations.  

 

2.1 Research design 

A single case study was conducted to explore the nanocellulose filament production by utilizing 

PBCM with respect to its TRL to obtain in-depth knowledge. Blomkvist & Hallin (2015) argue 

that case studies are applicable to capture different aspects and dimensions of a specific 

research area, which could be difficult when using other research methods.  

Furthermore, it is recommended to alternate between divergent as well as convergent 

philosophy in the early stage of the project, in order to avoid trivial solutions (Blomkvist & 

Hallin, 2015). Divergent thinking enables creativity, possibilities and new ideas without any 

single right answers. This was mainly performed repeatedly alongside the involved parties in 

this study to gain a broader understanding of the different process alternatives that could be 

interesting to evaluate in the study. Possibilities and creativity still considered technical 

feasibility and indications from preliminary lab data to minimize the risk of conducting 

irrelevant cost estimations. Convergent thinking associates with analysis judgement, 

discussions and decision-making in order to find the right solution to the problem. This was 

also done repeatedly with the involved parties while considering our previous knowledge of 

conducting cost estimations to reach a reasonable level of complexity. By upholding this 

recommended philosophy, it enabled a continuously development of the area of research, 

purpose and the research questions of this study. 

 

 

Figure 1- Data collection and analysis as performed in this study 
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As Yin (2013) argues, it is important to construct a well-documented research design for a 

successful study. Illustrated in figure 1, the study can be divided into two phases: data 

collection and data analysis. In the first phase of the data collection, the pre-study was 

conducted as well as the literature study. These were important to gain a broader understanding 

of PBCM, TRL and the development process of the current lab-scale of nanocellulose filament 

production. Additional data was gathered in the form of interviews, observations and 

workshops. In the second phase, the data analysis began. The data collected in the first phase 

was summarized, discussed and analysed. In the last part of the data analysis phase, discussions 

and conclusions were drawn from the collected data. Throughout the study, the modelling 

process of PBCM was done as more parameters and factors affecting the process needed to be 

explored continuously. The modelling was done in Microsoft Excel as it was deemed to be of 

sufficient complexity for the calculations needed to construct the model. The following phases 

are described in detail below. 

 

2.2 Data collection 

 

2.2.1 Pre-study and literature review 

Collis & Hussey (2014) discuss that conducting a literature review can be done as soon as 

relevant topics, problems and fields have been identified. The pre-study of this project was 

conducted to gain a greater understanding of recent research in the field of nanocellulose 

filaments as well as PBCM and TRL, in order to successfully construct a theoretical foundation 

of the case study and its scope.  

Information was collected from KTH Library and Google Scholar, online scientific publishers 

such as Science Direct and Scopus. By focusing on state-of-the-art literature, a wide 

understanding of the current situation surrounding nanocellulose, its production process and 

different cost estimation methods such as PBCM, and concepts for technology maturity 

evaluation like TRL, was gained. The intention was to build up a knowledge-basis within the 

field in order to identify what has been done and to identify potential gaps. By skim-reading, 

as Blomkvist and Hallin (2015) recommend, relevant articles in the field were found. This 

method enabled us to contextualize our research and make it suitable to our commissioners, 

but also make sure what gap-filling potentials our study has. The gathered data follows a funnel 

structure, as we approach the literature in a very general and broad sense, to later narrow it 

down to the specific field of study. This is done by attempting to identify areas of improvement 

within the production process of nanocellulose filaments that could act as basis for this study.  

In parallel to the literature review, a pre-study was conducted at RISE in order to understand 

the current status as well as future expansion of the project in which we were involved. The 

information was mainly gathered through RISE’s library, scientific articles recommended by 

supervisors at RISE as well as close communication with relevant key parties involved in our 

project. The gathered information from the literature review and pre-study utilized to narrow 

down the scope of the study in order to determine the research questions for this project. This 

resulted in appropriate data collection approaches which are described below. 



8 

 

 

2.2.2 Qualitative approach: Unstructured, semi- and structured interviews 

Interviews were conducted continuously throughout the study, primarily through physical 

meetings and secondarily through email, skype or phone interviews. The interviews have been 

summarised in the table 1. The participants were first chosen according to recommendations 

from our supervisors. The recommendations were based on the areas of competence that these 

persons have and what they could potentially contribute with in the study. More participants 

were then chosen according to additional recommendations from the previous participants or 

by having been mentioned in the relevant literature. Any incomplete information gained from 

the articles or interviews was resolved by direct contact with the authors or with co-worker 

with similar or corresponding technical expertise at RISE. 

 

Table 1 - The interviews with interview format, interviewees’ roles and topics 

Interview format Role of interviewee(s) Topic 

Unstructured Technoeconomic specialist, 

Technical specialist and  

Product specialist 

Introduction to the project 

Unstructured Product specialist, Market 

specialist, Technoeconomic 

specialist and Technical specialist 

Spinning technicalities, processes and 

project delimitation 

Unstructured Technical specialist Spinning processes and opportunities 

Unstructured Technical specialist Business opportunities and technicalities 

and industrial scale 

Semi-structured Chemical specialist Challenges in industrial scale, chemical 

technicalities and recycling opportunities 

Semi-structured Market specialist Nanocellulose fibres characteristics 

Semi-structured Technical specialist Chemical technicalities and opportunities 

Semi-structured Business developer Business opportunities and chemical 

technicalities 

Structured Technical specialist Chemical technicalities 

Structured Up-scaling specialist Industrial scale – opportunities 

Structured Technoeconomic specialist Economic evaluation 

Structured Process specialist Recirculation of solvent 

 

Collis & Hussey (2014) mentions that unstructured interviews enable the interviewee to evolve 

its answers during the course of the interview. In the early phase of the study, we aimed to hold 

the interviews with a more unstructured, broader and open-ended format focusing on the 
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nanocellulose filaments, its technical obstacles and its potentials. Open questions were asked 

during these interviews, with the intention of letting the interviewees be more flexible and 

adapt to their area of interest. These open questions also required longer and more developed 

answers, which proved to be very helpful for our work to continuously delimit the range and 

depth of this study and thus gain an appropriate scope. As more information was gained during 

our study, the interviews converged to have a more semi-structured character. This meant that 

we did prepare questions beforehand, where we encouraged the interviewee to answer 

questions relevant to our chosen subject, but also resolve questions attached to the technical 

nature of the nanocellulose filament production. By doing this in the early stages of the project, 

it filled the purpose of clarifying and contextualizing the research area as well as gaining an 

understanding for the existing nanocellulose filament production processes. It did also provide 

us with insight and ideas of how PBCM and TRL could be applied in the project. 

Structured interviews were conducted in later stages of the project, when a greater 

understanding of the technical context, cost estimation of the current lab-scale as well as 

industrial processes had been achieved. As the modelling process to estimate the production 

costs had begun, more unknown parameters needed to be explored. In order to modify and 

improve the constructed evaluated data, and to further complement the gathered information, 

structured interviews with a clear agenda were conducted. Closed questions were used during 

these occasions to gain further information and increase the validity of the study (Collis & 

Hussey, 2014). 

 

2.2.3 Observations and quantitative data 

To achieve a greater understanding of the production processes we had the opportunity to 

access, observe and further investigate the lab-scale process at RISE’s laboratories.  The 

observations allowed for further understanding of the production process and its parameters. It 

did also provide insight into the operations and material flows that could be utilized when 

constructing the model to create a cost estimation of the process operating at an industrial scale. 

These observations also resulted in more spontaneous interviews with involved experts who 

could further suggest how to potentially modify the modelled process. 

 

2.2.4 Workshops 

As Collis and Hussey (2014) recommend, attending workshops is valuable since it enables the 

researchers to exchange knowledge as well as identifying potential strengths and weaknesses. 

During the project, there were four different workshops scheduled at RISE, by TechMark 

Arena which is a transdisciplinary academy. The main purpose was to provide a platform where 

potential ideas could be exchanged with other master thesis students who were assigned the 

same project theme, but from another technical perspective. During these sessions, researchers 

at RISE participated and provided useful feedback on how to further develop our project. By 

attending these workshops, it enabled us to gain new and useful insights into our project. 

Furthermore, in the last stages of the project, we also arranged a personal workshop and invited 

all involved parties in our project. The intention was to discuss final modelling dilemmas and 
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highlight different parameters that could change the trajectory of the project. This involved 

discussions regarding the choice of materials and production processes that require further 

investigation in order to resolve the last uncertainties in the study.  

 

2.3 Data analysis 

The data analysis was based on the results from the interviews, observations, workshops, and 

published as well as un-published studies. Each step was documented in written notes in 

combination with recordings that were later transcribed and summarised independently with 

support from the notes that were taken during the interviews. The main purpose was to obtain 

the whole picture from each interview and mitigate the risk of misunderstanding or 

misinterpretation. Any unresolved issues or questions that arose as a consequence of this was 

addressed by communicating with the involved parties repeatedly, particularly concerning 

content outside of our field of knowledge. 

After gathering the data, it was categorized and stored in a structured manner as to allow for 

up-to-date information to be easily accessible to the authors of the study. However, as 

unpublished studies were not complete and confidential for the time being, sensitive data 

deemed relevant for the construction of the cost estimation model was analysed in 

communication with the author of the unpublished study to once again mitigate risk of 

misunderstanding or misinterpretation. This was also done to ensure that any recent results 

from on-going experimentation on the lab-scale process would be considered in the model 

constructed for the cost estimation of the industrial scale process. 

To increase the trustworthiness and validity of the study, a conventional method called content 

analysis was utilized, which focuses on deriving themes and categories from the empirics that 

were collected during our interviews (Hsieh & Shannon, 2005). Different groups containing 

potential interviewees were created: lab-scale, chemical properties, industrial scale, recycling 

process, problems and challenges. During the interviews and the transcripts, there were 

reoccurring quotes and suggestions that helped guide the study in an appropriate direction, 

which typically implied further data collection from a different source. By categorizing each 

group and connecting them into common themes, it enabled us to easier construct a solid 

foundation when presenting our analysis and discussion. 

 

2.4 Reliability and validity 

Reliability and validity are two key aspects that characterize the quality of any research finding. 

Reliability refers to the similarities in results if the research were repeated (Collis & Hussey, 

2014). Yin (2013) argues that the goal of reliability is to minimize biases and errors in the 

study. It is also argued that doing case studies is to conduct the research so that another 

independent auditor could obtain the same result by repeating the same procedure for the same 

case (Yin, 2013). Validity refers to the extent to which a research finding accurately reflects 

the phenomena under the study. By giving attention to these throughout the phases of the study, 
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it could increase the level of credibility and trustworthiness of the research findings (Blomkvist 

& Hallin, 2015; Collis & Hussey, 2014). 

Brink (1993) argues that meticulous attention is crucial when conducting a qualitative study, 

since the researcher’s subjectivity can easily affect the interpretation of the data. Therefore, it 

is important to take advantage of various tactics in each stage of the study, in order to increase 

the reliability and validity of the data (Brink, 1993).  

In this study we used triangulation by collecting data from different sources and researchers to 

obtain the reliability and validity of this report. Furthermore, it was taken into consideration 

that subjectivity and misinterpretation of data are common concerns when conducting 

qualitative research. Therefore, we made sure to record and take notes during all interviews to 

reduce the risk of skewed results. These notes were transcribed and analysed after each 

interview session. We also ensured to have consensual validation from experts throughout the 

research process (Brink, 1993), which could be obtained during our workshop sessions as well 

as meetings with our supervisors at RISE. 

Further specifics concerning the reliability and validity in the study are discussed later in this 

paper with focus on the empirical context. 

 

2.5 Ethical aspects 

The interviewees who contributed to the empirical findings of this report were anonymous 

since we did not want to affect their answer. No personal data was stored from the conducted 

interviews. All interviews have been initiated with the issue of consent to participation as well 

as mentioning the participants’ roles in the report. 

A non-disclosure agreement (NDA) was signed by us, which is a policy that our commissioner 

upholds. The NDA aim to protect the sensitive information provided by our commissioner, by 

not sharing or publishing any information that could potentially harm the institution or potential 

patent processes. The content of this report was continuously discussed with and revised by 

our supervisors at RISE Bioeconomy to prevent such incidents.  
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3 Process-Based Cost Modelling theory 
The following chapter presents the theory behind Process-Based Cost Modelling (PBCM) 

which is utilized throughout the study as the tool of analysis to evaluate the nanocellulose 

filament production process by connecting the technical characteristics to its financial 

implications. 

 

3.1 Cost Modeling 

 

3.1.1 Industrial change 

Nearly every industry experience continuous technological change. Despite this constant 

change, decision-makers within these industries must select and implement new technologies, 

whether it is new materials, processes or other novelties. It is often done with a degree of 

uncertainty due to incomplete information. These new technologies are also likely to change 

over time in terms of performance, which includes economic performance, making current 

available information not representative of the future economics of the technology in question. 

A few examples of reasons of changing performance and economic performance are effects of 

economies of scale, learning effect and changes in factor price. Therefore, decision-making 

based on current information can ultimately be misleading (Nadeau et al., 2010). 

 

3.1.2 Cost estimation 

The concept of cost is utilized for daily decision-making by comparing alternatives on that 

basis. However, studies have shown that engineers are less comfortable with costs when 

relating it to technical changes. The methods used by engineers when asked to estimate costs 

are typically the ones done in retrospect which requires historical data. Using these methods is 

not possible as the actions upon which the economic assessment will be based have not yet 

transpired. In addition to that, cost has typically been the focus of accountants, not engineers 

(Field et al., 2007).  

Historically, different methods and systems of accounting have been employed, but these are 

aggregated and performance-oriented. These methods fail to consider the technical aspects of 

the production. The accounting systems do not consider, e.g., what technical implications 

changing input material will have, as it is not only material price that could change, but also 

parameters such as yield, equipment life, tooling life, operating time, etc. Therefore, product 

costs are entirely context dependant as process design and production costs are interrelated. 

The purpose of the cost model is to inform decisions concerning technical changes (Kirchain, 

2001). As mentioned, cost calculations are usually done in retrospect, directed towards existing 

plants and their management as opposed to R&D engineer. In contrast to this, the cost 

estimations of technological change will be more speculative in nature and require different 

tools of analysis (Field et al., 2007). 
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Engineering models and tools exist to relate product material and product geometry to product 

properties, as well as relating operating conditions to process output. However, design changes 

do not only affect these technical parameters. They must also consider production cost as these 

parameters ultimately affect the profitability of the firm. Engineering approaches for creating 

these technical models can be used to perform a techno-economic evaluation (Kirchain, 2001). 

 

3.1.3 Cost elements 

Cost is a product characteristic leaving engineers conflicted at times as it is seen either as simple 

and something that will be resolved in the duration of a development process, or it is perceived 

as “messy” and unrelated to the field of engineering. In the latter case, the cost calculations 

have often been left out and delegated to a management or operational team (Field et al., 2007). 

When creating a model considering all costs, difficulties arise when attempting to capture all 

interrelations between different cost elements. In table 2 there is a list of cost elements for a 

generic product. The elements could further be divided into sub-elements, and it hints at the 

intrinsic difficulty of correlating these elements with respect to process change (Kirchain, 

2001).  

Table 2 - Typical cost elements for a generic product (Kirchain, 2001) 

 

Luckily, not all cost elements need to be considered to perform a comparison. Elements that 

are somewhat independent (or completely independent) can be omitted to facilitate 

comparison. Consequently, cost elements used for comparison may vary depending on the 

nature of the comparison, i.e., which question needs answering, as it is context based. A “one-

size-fits-all" method does therefore not exist, and attempting to implement one might 

accidentally lead to unnecessary effort or inappropriate omissions (Kirchain, 2001). 

 

3.2 Process-Based Cost Modelling 

PBCM is used as a mathematical transformation as with any other engineering process model, 

where process performance, cost for instance, is mapped from a process and operational 

description. The first step in the process model is to identify relevant cost element (Field et al., 

2007). The process is described with the required resources such as energy and mass. 

Thereafter, the associated costs are attributed to the use of these resources in the process. The 

transformation itself must be built stepwise, by firstly, understanding and isolating factors 



14 

 

which directly determine the metric being estimated, and secondly, understanding how the 

magnitudes of said factors are set by the process. These steps are done repeatedly to establish 

a causal chain of a complex process. The chain is created by working backward from the 

desired measure of performance, to intermediate factors, until finally reaching the controllable 

parameters in the model. Working with a PBCM consists of using this approach to model a 

causal chain, from cost to technical parameters. This involves identifying relevant cost 

elements, establishing their contributing factors and lastly correlating process operations to cost 

of factor use (Kirchain, 2001). 

Cost modelling can be done in a multitude of ways, but an effective way as demonstrated by 

research from MIT Materials Systems Laboratory is to structure the cost model consisting of 

three interrelated and interdependent models: a technical process model, an operations model 

and lastly a financial model. This structure facilitates the establishment of scope and boundaries 

as well as the handling of analyses of higher complexity. This structure also allows for 

incorporation of engineering and operational functionality into estimations of resources 

requirements (Field et al., 2007). 

 

3.2.1 Technical process model 

This model facilitates to structure the problem of cost estimation based on technical and 

scientific principals in the process. A manufacturing process consists of a set of technologies 

used to accomplish production. These technologies can be basic or highly complex. Within 

these processes there are sets of operations that can be described using scientific and 

engineering principles, such as materials, energy and mass balances, cycle times etc. (Field et 

al., 2007). Although technical changes might impact many different cost elements, it is usually 

impractical to model every impact, which forces a modeler to determine which cost elements 

that should be considered. The cost elements must be explicitly stated and listed clearly for 

both modeler and anyone examining model results to provide a clear understanding of the cost, 

as cost elements might vary between models. This step can therefore be the scope of the model 

(Kirchain, 2001). 

The degree of relevance of a cost element is dependent on the process as well as the question 

that the model attempts to address. When using PBCMs to answer questions concerning 

technology choice for functionally equivalent products, the cost elements listed in table 3 have 

commonly been used. These elements reflect those used in in relation to classical accounting 

methods, but the list might however change depending on situation or context (Kirchain, 2001). 

Table 3 - Common cost elements for functionally equivalent products (Kirchain, 2001) 
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3.2.2 Operations model  

This step of PBCM is to determine the contributing factor of the cost elements. These are 

referred to as a resource requirement, where they are fundamentally utilized to identify the 

magnitude of the cost data. This step concerns itself with the physical implementation and 

organization of the physical plant. Scale also becomes an essential parameter to the cost model 

as operational decisions are based on meeting production targets (Field et al., 2007; Kirchain, 

2001).  

Operations modelling defines how to optimize time, meaning the ways in which rates of 

machine operation are managed by the machine operator to allocate the capital resources in the 

most cost-effective way. The allocation of resources includes key choices about how to balance 

operating and maintenance time, sourcing of factors of production and other equally mundane 

but important decisions. The purpose of this is to achieve an outcome resulting in the most 

efficient use of all resources. Based on the structured information from the previous process 

model, the decision process of resource allocation is captured in the operations model that 

yields a set of operational parameters used to characterize said resources to achieve the wanted 

production output (Field et al., 2007). At times, it is enough to list resources used in the 

production, each with a constant entry and cost of allocating said factor. However, since 

PBCMs are used to investigate the viability of not-yet operational technologies, it is crucial 

that these models can consider implications of technical variation whenever possible. An 

example could be equipment specifications sufficient to produce the desired product (Kirchain, 

2001).  

Engineering approximations can also be done due to time and resource restrictions. 

Furthermore, as previously mentioned, not every characteristic of every factor needs to be 

considered as these might be similar between scenarios. But for those factors that are not 

similar, a relationship must be incorporated to forecast their characteristics (Kirchain, 2001). 

 

3.2.3 Financial model 

In this last step resource requirements are converted into their economic costs as illustrated in 

figure 2. Some factors of production such as energy, materials and labour can be somewhat 

easily calculated as these are directly employed in production (Field et al., 2007). The required 

quantity of the factor obtained from the operational model and the price of the use of each unit 

of that factor are considered. The product of these two parts is the resulting factor cost, with 

element costs being the sum of all individual factor costs under their heading. An essential 

aspect of a cost model is understanding the required quantity of each factor to produce a specific 

amount of goods, meaning the relationship between process input and output (Kirchain, 2001). 

For other factors not directly employed in production, other indirect strategies for allocation 

need to be used, with most focus being on the allocation of capital costs onto units of 

production. Methods of allocation can be found within classical finance models and they tend 

to refer to opportunity cost of capital, meaning that the capital used in production must result 

in a return of equal or greater than the return it would otherwise generate if used elsewhere. 

However, if the financial return is viewed as another operations parameter, it is worth noting 
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that its value is reflective of a broader strategy than simply resource efficiency. Full 

transparency is also critical for further development, incorporation and understanding of the 

model (Field et al., 2007). 

 

Figure 2 - PBCM, from product and process description to resource requirements and production cost (Field et al., 2007) 

Historically, cost elements have been grouped into variable and fixed cost. Variable costs can 

be directly associated with a unit of produced output and their magnitude increases somewhat 

linearly with total number of produced units. Fixed costs, on the other hand, do not increase 

linearly with total production output. The consequence has been that variable costs have 

remained constant when varying the level of output, whereas the fixed costs change until 

production capacity is exceeded (Kirchain, 2001). 

 

Variable costs 

Material costs can be estimated through price of raw material, component design and process 

yields. Due to material losses, material requirements must be determined for each process step. 

However, one common mistake is to neglect the value of process waste streams, meaning for 

example the revenue from saleable scrap commonly found in metal processing. Energy costs 

can for many operations be calculated from theoretical energy requirements. Where energy 

consumption is significant, calculations should be rigor enough to account for real world 

inefficiencies with the use of e.g. a per mutable correction factor. The energy cost will be a 

product of energy price and operating time for the unit of output (Kirchain, 2001). 

 

Fixed costs 

Equipment costs should be annualized over the productive life of the equipment, as equipment 

is a one-time purchase. It might be useful to include equipment price, but it is also crucial to 

include the number of pieces of equipment required to produce a specific product volume in 

the required time period, often calculated as one year (Kirchain, 2001). Auxiliary equipment 

can be estimated as a fixed percent of the main machine cost, which is something the modeler 

must consider when encountering price quotes. Building costs can be calculated as price per 

area, with relation to equipment size and conventional practices (safety specifications, material 

handling requirements etc.). Overhead costs can be difficult to attribute to features of a process 

but still be a significant expenditure. When analysing the relative costs of technical changes in 
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a process, a simplistic approach can be done and is typically sufficient, such as estimate the 

overhead costs using a rate applied against the magnitude of other fixed costs (Kirchain, 2001). 

 

Other considerations 

Production volumes must be carefully and clearly accounted for within the financial model, 

which should include the net production volume as well as the gross production volume. The 

latter includes all the produced parts, including the rejected parts. Consequently, the total cost 

per period is determined using the gross production volume, where are the unit cost is derived 

from the net production volume. Facilities are, in the real world, built to meet a specific 

demand, which should be included in the model as input for net facility capacity (Kirchain, 

2001). 

Tracking material flows are often neglected, although simple at times. They are important to 

determine the intensity of production at each step and the magnitude of material and waste 

costs. Best way to calculate material flow is breaking down the process into steps and explicitly 

keeping track of material flows. By taking this approach, material and scrap costs can be 

assigned throughout, while also defining the production volume for each step. It is also best to 

use the same unit for material flows between steps (Kirchain, 2001). 

 

3.2.4 Analyses derived from PBCM 

A cost model is used to relate design and process specifics with an estimation of production 

costs, but it does also come with related analyses. These include, for example, determining 

which and to what extent cost elements contribute to the total cost, allowing for the firm and 

key stakeholders to focus on the major cost drivers and implementing measures to combat 

these. Another example of a related analysis is the comparison between different design 

processing alternatives, making the PBCM act as a common platform for cost discussions that 

involves all teams of development and design. The transparency becomes a critical component 

as discussion will then be focused on cost drivers and their implications, rather than on the 

methods of calculating the costs (Field et al., 2007). 

Process-based cost models can also be used to explore impact of changing technological 

conditions by exploring the sensitivity of cost estimates to technical and operational 

parameters. The analysis can be combined with a realistic assessment of variation in these 

parameters. Another related analysis is exploring the required level of performance to reach 

targeted cost levels, allowing for both process improvements and economic benefits. The same 

analysis can be done but with respect to specific factors in production (Field et al., 2007). 
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4 Technology maturity 
In this chapter the Techno-Economic Assessment (TEA) framework and Technology Readiness 

Level (TRL) concept are presented to, in later chapters, allow for a discussion about research, 

development and deployment progress of the nanocellulose filament production and the 

possible limitations of applying a cost model at this stage of technology maturity. 

 

4.1 Techno-economic assessment 

A techno-economic assessment (TEA) framework is presented in Buchner et al. (2018) for 

decision-making about research, development and deployment (RD&D) for profit-oriented 

stakeholders. The RD&D progress is rated according to data availability through the concept 

of technology readiness levels (TRL) and adequate TEA methods are chosen accordingly to 

provide a descriptive basis for decision-making (Buchner et al., 2018). 

Techno-economic assessment serves as a basis to decide whether a technology should be 

invested in. The process of assessment is done by assigning positive and negative values to 

certain criteria that will be based on the interpretation of different indicators that are 

measurable. From a profit-oriented stakeholder perspective, certain criteria cannot simply be 

assigned positive or negative criterion just because they are crucial from a technical 

perspective. An example of this is the technical criterion that a “reaction is fast”. In this case, 

the reaction rate acts as the indicator with “high” reaction rate being a positive value judged 

from a technical perspective. However, this might imply larger investments into the necessary 

equipment and installation. This illustrates the fact that the indicator of reaction rate does not 

have any value of its own but will have value when used as a parameter in the calculation of 

indicators. The indicators are in their turn used to assess the suitable criteria from a profit-

oriented stakeholder perspective (Buchner et al., 2018). 

In conclusion, technical assessment is not enough to argue whether a certain technology should 

be implemented, although it could provide relevant data related to cost saving indicators. 

Furthermore, the framework is not directly associated with a specific technology as the 

technology does not directly affect profitability. It changes the technological indicator, leaving 

the criterion associated with profitability independent of chosen technology (Buchner et al., 

2018). 

 

4.1.1 Technology readiness levels 

Technology readiness levels (TRL) is a concept developed by NASA to identify and analyse 

technology that could be integrated into space exploration, and as it is unspecific to any certain 

field of technology, it can be applied elsewhere. TRL consists of nine stages of technology 

innovation, from conception to fully working technology, depicting the available information 

about said technology. However, the scale is somewhat subjective as the beginning and end of 

maturing technology cannot be defined objectively, and the beginning and end must therefore 

be defined according to another suitable criteria. The purpose that the RD&D must fulfil can 

be used as such. In the case of profit-oriented stakeholders, the scale begins when target-
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oriented research ideas surge about how research can be used in the market, and it ends when 

the technology is deployed in an economically relevant environment and performing related 

activities. The different TRLs, from levels 1-9, used for the chemical industry can be seen in 

table 4, with their related descriptions, work results and workplace. 

 

The different TRLs are characterized by their information availability within the chemical 

industry, with preliminary research being done before the scale starts, applied research being 

done in TRL 1-4 and systematic development starting at TRL 4. At TRL 8 and 9 the technology 

is deployed in its economic environment. Modifications to existing technology are also 

regarded as new technology and must pass the same RD&D stages, although they might pass 

quicker through the first stages due to its similarities with existing technology (Buchner et al., 

2018). 

 

4.1.2 Cost Structure 

The assessment of the economic viability of the technology must include an estimation of the 

COGS (cost of goods sold), meaning the cost of producing and selling the product, as illustrated 

in figure 3. COGS is further divided into COGM (cost of goods manufactured) and general 

expenses expressed as a share of COGM, COGS or sales price. COGM can be divided further 

into initial investment costs (CapEx) and operational cost (OpEx). OpEx can then be divided 

into direct OpEx and general OpEx, depending on whether the cost is dependent on the amount 

of produced goods. Direct OpEx, which is the variable costs, can lastly be divided into materials 

and E&U (energy & utilities), separated by the data they are based on as well as the 

Table 4 - The TRLs are defined by their data availability, as presented in (Buchner et al. (2018) 
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methodology to estimate them. The presented estimation methodologies are full-scope, 

meaning that they are used to estimate all cost items with the lowest possible error, which 

decreases with increased data availability (Buchner et al., 2018). 

 

Figure 3 - Cost structure of COGS (Buchner et al., 2018) 

4.1.3 Direct and Indirect OpEx estimation 

Direct OpEx can be estimated by considering the cost of materials and E&U but the 

methodology to do so depends on the current TRL. Material costs can be estimated through 

mass balance. At TRL 3-6 it can be done through experimentation and comparison with similar 

technologies for start-up and waste costs. At TRL 6-9 simulations can prove more accurate 

data for material cost estimations. E&U costs can be estimated through energy balance and the 

most relevant energy source can be considered and priced already at TRL 2. At TRL 3-6, the 

estimation can include simple thermodynamic calculations and efficiency factors, whereas in 

later stages of TRL 6-9 E&U costs are estimated through equipment and simulation (Buchner 

et al., 2018). 

Indirect OpEx includes costs such as maintenance and laboratory and is in TRL 3-7 calculated 

as a factor of CapEx. In TRL 3-6, both E&U and indirect OpEx data can be used from similar 

plants if the similarity is high enough and depending on data quality (Buchner et al., 2018). 

 

4.1.4 Estimation methods 

Different methods are appropriate to use in different TRLs due to the variation in information 

availability between different TRLs. CapEx estimations can be done from TLR 3-7, as TRL 1-

2 does not include process concepts, and at TRL 8-9 the plant is built. The methods presented 

in each TRL is the earliest recommended TRL to apply said method without any requirement 

of making technical assumptions that could narrow future RD&D. The chosen method must be 

based on available data today and not theoretically available data, which can be difficult for 

external estimators of an organization as data is not always fully accessible (Buchner et al., 

2018). 
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5 Case background 
The following chapter describes the background for the case company and the current lab-

scale production of nanocellulose filaments and its current status and challenges.  

 

5.1 The case company: RISE Research Institute of Sweden 

RISE Research Institutes of Sweden is a state research institute established to effectively 

mobilise resources and increase the pace of innovation in order to address several societal 

challenges (RISE, n.d.-a). The study was conducted within the department of Bioeconomy at 

RISE, which is world-leading at working with innovations on raw materials and forest (RISE, 

n.d.-b). One area of research at RISE today is the production process of nanocellulose filaments 

which today operates at lab-scale. 

 

5.2 Nanocellulose filament production 

Nanocellulose filaments have proven to be eight times stronger than spider silk as illustrated 

in the figure 4, which previously was the world’s strongest bio-based material. The properties 

considered to reach a stiffness value of 82 GPa and a strength value of 1320 MPa (Mittal et al., 

2018; RISE, 2018). Because of the material’s biodegradability, biocompatibility and 

exceptional mechanical properties, nanocellulose filaments have shown great potential in 

different application areas (Halib et al., 2017). The biomedicine and aircraft industry have been 

highlighted as a few of the many possible industries that could utilize this sustainable material 

in the future (RISE, 2018).  

 

Figure 4 - Strength and stiffness for different materials, with nanocellulose fibers showing the highest values of these (Mittal 

et al., 2018) 

In recent years, several projects have achieved great success in producing these strong 

nanocellulose filaments at lab-scale working in batches. Nanocellulose fibrils are obtained after 
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pretreating the cellulose pulp through chemical and mechanical modification. The method 

called double flow-focusing, where a filament is created by aligning pretreated nanocellulose 

fibrils, so they all face the same direction. The aligned fibrils constituting a filament are then 

injected into an acidic bath to lock the structure of the filament and further enhance its 

properties. In the final step of the process, the wet filaments are air-dried and dried homogenous 

filaments are attained  (Mittal et al., 2018). The production process is illustrated in figure 5. 

 

Figure 5 - The illustration of the current lab-scale of the nanocellulose filament production 

Even though the production of nanocellulose filaments and its properties have shown great 

technical success, it is still facing challenges to reach larger production scales and become 

commercialised. For this material to be commercially successful, it must not only be proven to 

have market-attractive properties, but the production of nanocellulose filaments needs to be 

profitable. The current challenge affecting the cost of production is the fact that per kg of 

produced nanocellulose filaments, 332 kg of water is retained in the filament and needs to be 

removed. Thus, an economic evaluation of the production process will be conducted based on 

current information attained from the lab scale process at RISE. Different process alternatives 

will be evaluated with regards to cost, allowing for a comparison of multiple scenarios to 

potentially pursue. The evaluation will provide valuable feedback for the on-going experiments 

as well as providing trajectory and support in decision-making in further development of the 

industrial nanocellulose filament production process. By utilizing PBCM, it will enable a 

bridge between cost and technology in this project at RISE and create more precise economic 

estimations. 
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6 The technology maturity of the lab-scale 
In this section the grading of the current lab-scale nanocellulose filament production on the 

TRL-scale has been presented and discussed. The limitations that TRL has on the cost 

estimation of an industrial scale is also discussed. 

 

The technoeconomic assessment (TEA) framework serves its purpose to improve the decision-

making regarding research, development and deployment (RD&D), by providing a larger basis 

for whether a technology should be invested in. The progress is rated according to the data 

availability of a particular technology, not necessarily being dependent on its profitability 

(Buchner et al., 2018). This is no exception in this study. The TRLs are characterized by the 

information availability concerning the technology of the nanocellulose filament production 

that physically exists on lab-scale at RISE today, which is the pretreatment of the cellulose 

pulp to dried, spun filaments, illustrated in figure 5. These definitions for the criteria are 

summarized in table 4.  

 

6.1 Determining the technology’s TRL 

The technology of nanocellulose filament production is under development as it is still being 

researched. Determining the technology’s TRL is somewhat difficult as the scale is subjective 

which could result in differences in estimation methods (Buchner et al., 2018). However, 

following the purpose that the RD&D serves, the TRL-scale upon which the technology can be 

assessed begins when the research ideas surge for how the nanocellulose can be used in the 

market. The TRL-scale ends when the technology of nanocellulose filament production is 

deployed at an industrial scale, whose definition depends on potential market applications 

which are currently being explored but has not been included in this study. Therefore, the 

technology is not at TRL 9. As the technology has not reached industrial scale, but has passed 

TRL 1 of basic research, the TRL is graded somewhere between TRL 2-8. 

The lab-results from Mittal et al. (2018) prove that the laboratory research has started. 

Predictable reactions and functional principle reactions can also be done. Therefore, the criteria 

for TRL 3 have already been fulfilled, which also automatically fulfils TRL 2. Despite the 

process not being continuous, requiring manual intervention, and the fact that the current lab-

scale plant operate in batches, the first process ideas have been established to create the 

filaments and the concept itself is validated on lab-scale, meaning that it is technically feasible 

but not necessarily optimized. Furthermore, this study can be regarded as an early step towards 

preparing to scale-up the production to an industrial scale by creating a model attempting to 

illustrate the costs of operating at an industrial scale depending on different process 

alternatives. Both these characteristics match the description of TRL 4, as illustrated in table 

5. Both characteristics of the lab-scale process match the description of TRL 4. 

The process step where the filaments are formed, which happens in the double flow-focus 

nozzle, is particularly sensitive to changes in certain parameters and this step is therefore under 

constant development. Despite this sensitivity, the filaments can be reproduced in a predictable 

manner in the laboratory. Due to the description of the status of the process of nanocellulose 
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filament production, it matches the TRL description, tangible work results and workplace for 

TRL 4 presented in table 5. However, the status of the research has started to fulfil certain 

criteria presented in TRL 5 as well, indicating a transition towards TRL 5 within the near future. 

These criteria are that simple parameters and property data are being gathered and analysed 

from the continuously performed test-runs at the lab scale plant at RISE, where the filament 

properties are tested based on changes in production parameters. Process concept alternatives 

are also being evaluated from different perspectives. This study contributes to the cost 

evaluation of the production of nanocellulose filaments, but the process is also being evaluated 

based on the resulting filament characteristics in parallel, un-published studies as previously 

mentioned. The remaining unfulfilled criteria from TRL 5 are that there were not shortcut 

process models found when starting this project, meaning that each process step of the lab-

scale had to be calculated and it did not have any shortcut in- and output simulation modelling. 

As previously mentioned, potential market applications are being explored and could therefore 

not fulfil the criteria to simulate the process of a pilot plant using to bench the scale, mentioned 

in TRL 6 (Buchner et al., 2018).  

Table 5 - The TRL of nanocellulose filament production is thought to be at 4 with certain criteria for TRL 5 fulfilled at the 

time of writing 

 

6.2 TRL related limitations in cost estimation of an industrial scale 

The current TRL of the technology being between TRL 4 and 5 creates limitations in the 

possibility to estimate the characteristics of an industrial process, as the current lab scale 

process upon which the estimation is based has unexplored parameters and factors. The value 

of the estimation lays in the possibility to evaluate different scenarios on their cost based on 

different process alternatives. 

Even though the range of filament properties is not yet fully explored, we assumed in this study 

that the properties would be independent from the choice of materials, flows and production 

process. This is not a completely accurate assumption but will be discussed in detail later. 

Therefore, the areas of application of filaments remain uncertain, thus not fulfilling criteria for 

TRL 6 nor any other for that matter. As mentioned in Leoussis & Brzezicka (2017), the scale 
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of the production must be decided by comparing to an existing production of nanocellulose 

filaments or to a comparable product or production system. Consequently, the desired 

production volume remains unspecified as it is highly dependent on application, meaning that 

the scale must be determined through comparison to a comparable product such as other 

filaments used for their properties, as there does not exist a commercial way of producing 

nanocellulose filaments nor has a similar production system been found at the time of writing. 

The unknown area of application as well as the undetermined choice of exact equipment 

requirements throughout the process ultimately negatively affects the possibility to allocate 

capital expenditures (CapEx) onto the units of production. Therefore, CapEx cannot be 

considered in the economic evaluation. From the operational expenditures (OpEx), only the 

direct OpEx are considered which is divided into Material and Energy and Utilities, illustrated 

in figure 6. The indirect Opex are excluded since the project are not considered to be mature 

enough in terms of identifying the operational intellectual property (IP) costs. 

 

Figure 6 - The study focuses only on Direct OpEx, which is a sub-structure of OpEx 

Another limitation to the estimation is the lack of previous systematic testing to establish the 

minimum number of steps, operations and time necessary to perform certain process steps and 

the relationship between material in- and output filament performance. The relationship could 

be established with the use of a detailed simulation of the process; however, such a model did 

not exist at the time of writing - which indicates that another criterion on TRL 5 was not 

fulfilled. This fact results in difficulty in defining the scope of all alternative process designs 

to investigate, as not all outcomes might be of interest if the desired mechanical performance 

of the output filament is not achieved despite the investigated process alternative resulting in a 

lower cost. The same lack of systematic documentation also exists of aspects such as a more 

precise estimation of the concentrations, yield between steps and production rates. 

Furthermore, estimating the characteristics of an industrial scale as early as TRL 4-5 also 

proves difficult as process data is estimated from the low production rates existing in the current 

lab-scale which could cause errors in estimation. Therefore, process data must be collected 

with high precision as the current lab data is used to estimate the characteristics of a process at 

industrial scale, which also implies that any errors in measurements will increase by the same 

magnitude when assuming linearity. At a higher TRL, a pilot plant can be studied to further 

understand the production characteristics with more accuracy as the production will be more 

like an industrial scale compared to the current lab scale. 
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7 PBCM in industrial scale cost estimation 
In this section the created PBCM for the industrial scale will be presented and is based on 

today’s nanocellulose filament production operating at lab-scale. The general assumptions 

derived from the TRL grading are first presented. Secondly, PBCM consists of a technical 

process model illustrating the process steps and which cost elements that will be considered at 

each step. Thirdly, an operations and financial model will be presented showing the 

contributing factors of the cost elements and the costs of these factors at each process step. 

Finally, an overview of the costs and the cost driver parameter will be discussed and analysed. 

 

The process of producing nanocellulose filaments are today operating at lab-scale. These have 

now been evaluated and graded between TRL 4 and TRL 5. Based on the graded maturity level, 

there are several assumptions derived from the explored TRL limitations. Some of them have 

also been conducted in consultation with the involved parties in this project. These assumptions 

will form and help construct the PBCM-model for an industrial scale. 

Table 6 - Assumptions derived from TRL and assumptions in consultation with the involved parties are summarized 

No. General assumptions 

1 

The system boundary is set to include the pretreatment of cellulose pulp into 

nanocellulose fibrils and the spinning of nanocellulose filaments until dried and 

homogenous filaments are attained.  

2 

The production process is assumed to operate with exactly 100 % yield at each step due 

to lack of precise process yield data, although no yield losses have been recorded at lab-

scale.  

3 

The nanocellulose filaments have not been tested in application. Due to the fact that the 

application areas are highly dependent on the properties, it is in this study assumed to 

be fixed and independent of the nanocellulose filament production.  

4 

As the nanocellulose filaments are not being tested in application, only direct operational 

expenditures (OpEx) are considered when conducting the economic evaluation as the 

production volume remains unknown. Capital expenditures (CapEx) are neglected due 

to undetermined production volume at industrial scale.  

5 

The current lab scale and the industrial scale is assumed to be operating during similar 

conditions in general. The differences mainly lay in certain production steps, such as the 

solvent bath and solvent recovery, where the choice of materials varies from the current 

lab-scale production process. The materials choices that vary are the choice of solvents 

and their purity levels.  

  

For a summary of all technical assumptions made throughout the study, see Appendix 9.  
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7.1 Technical process model 

In this section the basis for the modelling is described and then a process description of the 

nanocellulose filament production is presented and how the different process steps result in 

different scenarios to model. Afterwards, the relevant cost elements for each process step are 

presented to illustrate where cost will occur in the subsequent operations- and financial model.  

 

7.1.1 Current lab scale challenges and basis for modelling 

The industrial scale presented in the next section has been constructed and modified from the 

current nanocellulose filament production operating at lab-scale that has been documented in 

Mittal et al. (2018). Illustrated in figure 7, the current process available at lab-scale can be 

divided into 3 blocks, with block 1 being the pretreatment of the nanocellulose fibres, meaning 

where cellulose pulp is broken down to nanoscale. Block 2 is where the nanocellulose fibres 

are aligned into a filament and then locked into place with the help of an acid at pH 2, and 

block 3 is the drying process where all the excess deionized (DI) water and acid absorbed 

throughout the process is removed. 

 

Figure 7 -The currently available production process of nanocellulose filaments available on lab scale divided into blocks 

When performing the drying at lab scale it does not cost anything as the filaments are hung to 

air-dry for at least 2 hours (Mittal et al., 2018). However, if the process is to be scaled-up to an 

industrial scale, the drying process would most likely need to be done utilizing drying 

equipment and the process would be continuous as opposed to the current batch-based process. 

The challenge with drying the filament with drying equipment arises as the nanocellulose 

filament swells significantly in block 1 and 2 due to its ability to retain large amounts of DI 

water. The total nanocellulose concentration in an acidic solution (which is DI water and acid) 

of pH 2 is only 0,3%, as the acidic solution consists mostly of DI water. That implies that to 

produce 1 kg of nanocellulose filaments, 332,3 kg of acidic solution needs to be removed, 

which requires huge amount of resources to do so. 

Therefore, in consultation with the involved parties in this project, it was decided that 

alternative solvents, such as acetone (Håkansson et al., 2014) and ethanol, might be of interest, 

with the purpose of substituting the large quantities of DI water with lesser amounts of solvent 

as the nanocellulose filament concentration increases to approximately 2% when using solvent. 

In that case, to produce 1 kg of nanocellulose filaments, only approximately 49 kg of solvent 

would need to be removed. In addition to the lower mass compared to DI water that the filament 
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can absorb, the solvents have favourable heat characteristics compared to DI water, with lower 

boiling point, latent heat and specific heat capacity, making it less energy intensive to dry off 

which could decrease the costs.  

Therefore, in the technical process model, these alternative solvents will be investigated with 

varying levels of purity to determine how the choice of solvent and purity level affects the 

production cost. Purity levels 30%, 50%, 70% and 90% will be investigated for acetone and 

ethanol, where the remaining percentages assumed to be DI water and acid. These scenarios 

will be compared based on cost to when only an acidic solution consisting of mostly DI water 

is used. The acid choice will also have two options, either HCl or H2SO4 which will ultimately 

result in 18 scenarios to investigate presented in the next section. 

 

7.1.2 Industrial scale scenarios 

Figure 8 below illustrates the 18 different scenarios analysed in the study by showing the 

possible ways that the cellulose pulp can become nanocellulose filaments by the choice of acids 

and whether solvent is used at varying purity levels. 

As the process steps differ from the ones presented on lab scale, the process division into blocks 

as in lab scale is not of relevance. Instead, the process steps have been divided into A-G, as see 

in figure 8 and table 7. 

Due to the different possible materials used in the whole process, 18 scenarios were attained, 

named S1-S18. However, for the sake of analysis, only scenario S1-S9 were considered 

relevant for further in-depth analysis in this study which uses H2S04, thus excluding S10-S18 

where HCl is used. This choice was also made as the choice of acid introduced into the system 

did not have a significant impact on cost, thus not resulting in any significant difference in 

analysis in the following operations- and financial model. Lastly, it is worth mentioning that 

S9 is the scenario that shares most resemblance to the current lab-scale process of the 

nanocellulose filament production. As S9 is the scenario that highlights the challenge of the 

drying process being energy intensive at lab-scale, the scenario will be used as a reference for 

comparison of scenarios S1-S8. 

In figure 9 all the process steps (A-G) for the industrialized nanocellulose filament production 

have been illustrated. The purity levels 30 %, 50 %, 70 % and 90 % from the acetone and 

ethanol are considered. The green arrows in the figure illustrate the transportation of the 

filaments. The red arrow illustrates the solvent being transported to the distillation process. The 

blue arrow illustrates the distilled material which is transported back to the solvent bath. The 

scenarios focused on in this study are S1-S9 which explains why other scenarios S10-S18 have 

been illustrated in a faded manner. 
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Figure 8 - All the process steps (A-G) for the industrialized nanocellulose filament production 

  

  



30 

 

Table 7 - All the process step descriptions have been summarized for the chosen scenarios S1-S9 

Step Process step Description 

A 
Pretreatment 

process 

In this process step the cellulose pulp is converted to nanocellulose fibres 

in a DI water suspension through both a chemical and mechanical 

modification.  

B 
Double flow-

focus 

In the double-flow focus, the pretreated nanocellulose fibres are formed 

into a filament by injecting H2SO4 and DI water.  

C Acidic bath 
In this step, the filament is injected into an acidic bath containing an acidic 

solution of the acid H2SO4 and DI water to lock the filament structure.  

D 
Solvent bath 

 

 

The filament could then be transported to a second, alternative solvent 

bath, where the purpose is to perform solvent exchange. Different purity 

levels are evaluated (30 %, 50 %, 70 % and 90 %). 

The solvent used in this step varies depending on scenario:  

S1-S4: Ethanol 

S5-S8: Acetone 

S9: No solvent bath 

E 
Drying 

process 

The wet filament is dried. The main purpose is to remove DI water, H2SO4 

and other solvent from the filament. 

F 
Dried 

filament 
The filament is dried, and a homogenous filament is attained. 

G 
Solvent 

recovery 

Solvent recovery is performed through distillation. The feed into the 

distillation consists of the solvent and acidic solution from the solvent 

bath, as well as the removed solvent and acidic solution when drying the 

filament. Much of the solvent in then recovered and reintroduced into the 

solvent bath. 

The distillation differs in character depending on scenario:  

S1-S4: Ethanol distillation 

S5-S8: Acetone distillation 

S9: No solvent recovery 

 

7.1.3 Cost elements derived from TRL 

In this study, the cost elements considered to be relevant at TRL 4-5 are both material and 

energy costs. These cost elements were chosen as they are linked to the Direct OpEx, as 

illustrated in figure 6 and can therefore be allocated to each unit of production. The other cost 

elements would have more relevance if the technology was graded with a higher TRL 6 to 9. 

Such cost elements are suggested by Kirchain (2001) to be labour, equipment costs, building 

space etc. Kirchain (2001) also argues that the degree of relevance for what cost elements that 

should be considered is highly dependent on the context and the situation. Therefore, these 
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have been consulted together with the commissioner to determine their relevance at each 

production step to perform the necessary calculations and model a casual chain throughout the 

process, linking process input to output. The specifications of the chosen cost elements in this 

study can be seen in Appendix 1. 

In table 8, the cost elements “material” and “energy” are shown to be considered for each 

production step where the cost elements are consumed, meaning that they exit the analysed 

system in that step. 

Table 8 - All cost elements that are considered consumed in each nanocellulose filament production process have been 

addressed. Scenario dependence is also illustrated 

Step Process step Consumed materials Consumed energy 

A 

Pretreatment 

process 

S1-S9: TEMPO, Na3PO4, 

NaClO2 and NaClO are 

consumed during the chemical 

modification. 

Yes. The consumed energy from the 

equipment are considered during the 

mechanical modification. 

B 

Double flow-

focus 

No material consumption. Yes. The consumed energy from the 

double flow-focus pumps to produce the 

filaments. 

C Acidic bath S1-S9: H2SO4, DI water. No energy consumption. 

D 
Solvent bath 

 

No material consumption. No energy consumption. 

E 

Drying 

process 

S1-S8: No material 

consumption  

S9: H2SO4 and DI water 

Yes. The consumed energy from drying 

the filaments is considered. 

F 
Dried 

filament 

S1-S9: Cellulose pulp fibre. N/A. The dried filament is considered to 

not consume any energy. 

G 

Solvent 

recovery 

S1-S4: Ethanol, H2SO4 and DI 

water 

S5-S8: Acetone, H2SO4 and 

DI water 

S9: No distillation. 

Yes. The consumed energy to distil the 

solvent is considered. 

 

Constructing the model in reference to the framework of PBCM consists of an understanding 

of the underlying factors which will directly have an impact of the estimated production process 

(Kirchain, 2001). The presented cost elements above are the ones deemed necessary to consider 

calculating their contributing factors in each step before the next models where the causal chain 

is modelled and linked to the production costs in the operations and financial model.  
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7.2 Operations and financial model 

The nanocellulose filament production consists of several process steps with several operations 

within each step. In this section, the contributing factors of the cost elements for each step are 

presented, both for energy and materials. Material leaving the nanocellulose filament 

production process is considered consumed. The financial model will be applied in conjunction 

with the contributing factor by illustrating the cost of the factor. 

 

The prices for the materials have been gathered mainly from Alibaba.com. These are presented 

in the table 9 below. A price factor of 1 has been used, which will be evaluated afterwards, and 

the energy price used is assumed to be 0,5 SEK/kWh. It is used to determine the cost of power 

equipment in those steps where energy is consumed. For more detailed information on the cost 

elements, see Appendix 1. 

Table 9 - All the prices for the consumed material in the nanocellulose filament production 

Materials Price (SEK/kg) 

Cellulose pulp 7,7 

TEMPO 45,1 

NA3PO4 3,6 

NaClO2 9,9 

NaClO 2,7 

DI water 0,0088 

HCl 1,8 

H2SO4 1,8 

Ethanol 1,8 

Acetone 9,03 

 

As previously mentioned, only Direct OpEx cost elements material and energy are considered 

in the industrial scale which also is a result of grading the lab-scale as TRL 4-5. These can be 

calculated in a straightforward manner according to Field et al. (2007) and Kirchain (2001). 

The contributing factor of that cost element will be multiplied by its factor cost, thus resulting 

in a total cost of the use of that factor, hence the reason for presenting the financial model in 

conjunction with the operational model. 

The contributing factors of each material will be presented in kg of that cost element per kg of 

produced nanocellulose filaments, whereas the contributing factors of energy will be presented 

as kWh per kg of produced nanocellulose filaments. As 100% yield is assumed at all steps, 1 

kg of cellulose pulp fibres inserted into the analysed system in the beginning will result in 1 kg 

of dry nanocellulose filaments. This simplification is made as a result of lack of more accurate 

data and information concerning material yield between process steps, although there are no 

indications that cellulose pulp fibres are lost between process steps. 
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7.2.1 Material and energy consumption 

In figure 9, all the process steps for the nanocellulose filament production have been illustrated 

for scenarios S1-S8 which include a solvent bath and solvent recovery through distillation. The 

material flows are illustrated with blue arrows representing the inflow of materials while the 

red arrows illustrate the outflow of materials out of the analysed system that will incur a cost 

as that material is consumed. The flash indicates that the process step requires an energy 

consumption. 

 

Figure 9 - For scenario S1-S8, all the process steps from A-G 

Figure 10 illustrates the last scenario, S9 where only DI water and acid is used, which does not 

include process steps D and G from previous figure 9. This scenario does share most 

resemblance to the current lab-scale of nanocellulose filament production processes and will 

be important when discussing the other scenarios S1-S8. The change of process steps results in 

difference in material flows and energy requirements. 
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Figure 10 - The process step for the A-F is illustrated in the case of scenario 9. The alternative solvent bath (previous step D) 

is excluded in the process as well as the solvent recovery (previous step G) 

A. Pretreatment process – Chemical and mechanical modification 

A.1 - Chemical modification 

In order to perform the chemical modification, the cellulose pulp fibres, TEMPO, Na3PO4, 

NaClO2 and NaClO are materials. The material consumed is all the chemicals except the 

cellulose pulp, which is illustrated in the table 10. The cellulose pulp is considered consumed 

at the end of the analysed system when the filaments are obtained at the end of the last process 

step. However, the cost of the cellulose pulp is presented here as it will not be affected by any 

yield losses throughout the process. The chemical modification is assumed to be linear to the 

input of cellulose pulp and to be the minimum amount of chemicals necessary. 

As earlier mentioned, no energy is consumed during the chemical process. The handling of 

these chemicals is excluded, such as the effort of adding the chemicals to the mix and 

transporting them which otherwise could be measured in energy. 

Table 10 – The material consumption and cost of the chemical modification in the pretreatment 

Material  

Material consumption as dry 

content (kg/kg produced 

nanocellulose filaments) 

Total Material cost (SEK/kg 

produced nanocellulose 

filaments)   

Cellulose pulp fibres  1 7,7 

TEMPO  0,016 0,7 

Na3PO4   0,074 0,3 

NaClO2 1,130 0,7 

NaClO 0,074 0,2 

Total  9,6 
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A.2. - Mechanical modification 

 

Figure 11 - Mechanical modification is divided into different process steps 

Illustrated in the figure 11, the mechanical modification requires energy to power the 

equipment performing the modification, which is to break down the cellulose pulp to 

nanocellulose. This is illustrated by the flash in figure 11. In contrast to the chemical 

modification the mechanical modification is not linear to scale as it is dependent on energy 

consumption, which is a consequence of equipment capacity, nanocellulose fibre concentration 

and amount of processing steps. DI water is also added during the steps of homogenizer and 

mixing. It does not leave the system; thus, no incurred material consumption is presented in 

the table 12.  

 Each equipment is required and fulfils its purpose to facilitate for the upcoming process step 

– the Double flow-focusing. The different equipment vary when it comes to required energy. 

As illustrated in the table 11 below, the mixing- and sonication-steps require far more energy 

compared to other processing steps. For a more detailed description of the mechanical 

modification, see Appendix 2. 

Table 11 – The energy consumption and energy cost of the mechanical modification 

Step Equipment 

Energy consumption 

(kWh/kg of produced 

nanocellulose filaments) 

Total energy cost 

(SEK/kg of produced 

nanocellulose filaments) 

Stirring IKA Microstar 30 Digital 0,0073 0,0036 

Homo-

genizer 

Microfluidizer M-7125 

Enhanced 
3,1 1,6 

Mixing IKA Ultra Turrax T-65 Digital 8,7 4,3 

Sonication Hielscher UIP2000hd 8,3 4,2 

Centrifuge MACFUGE 2,2 1,1 

Total  22,3 11,2 

 

B. Double flow-focus 

In the double flow-focus nozzle is where the magic happens, meaning where nanocellulose 

fibres turn into a filament. The current production rate of 12,3 mg/h (Mittal et al., 2018), is 

assumed to be constant throughout the nanocellulose filament production on the industrial 

scale. 

The equipment WPI AL-4000 is used as flow pumps (World Precision Instruments, 2018). The 

step requires energy to power the pumps injecting nanocellulose fibrils and DI water from the 

core flow. Additional DI water is added in the first sheath flow and H2SO4 with a pH-value of 

2 in the second sheath flow. Finally, these are then transported from the nozzle into the acidic 
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bath. This has been illustrated in the figure 12 below. The energy consumption is calculated 

for all three pumps and amounts to a total of 5,4 kWh, which translates to the total energy cost 

of 2,7 SEK/kg of nanocellulose fibres, which is illustrated in figure 12 as a flash. 

Material is introduced into the double flow-focus, but no material leaves the system as it only 

continues into the subsequent acidic bath containing H2SO4. Therefore, no material is 

consumed in the double flow-focus nozzle. For a more detailed description of the material 

flows and energy consumption in the double flow-focus nozzle, see Appendix 3. 

 

Figure 12 – The double flow-focus nozzle with its flows 

C. Acidic bath 

From the double flow-focus nozzle, the created filament exits into the acidic bath containing 

H2SO4 at pH 2 to lock the filament formation. The bath is assumed to maintain the same acid 

concentration and volume, which implies that the excess water and acid continuously added 

into the bath must be removed, and some of it is already being transported in the nanocellulose 

filament onto subsequent process steps. All of these have been illustrated in the figure 13. 

 

Figure 13 - The acidic bath wants to maintain its concentration and volume, meaning that excess DI water and H2SO4 Is 

consumed and new is added 

As no recovery process could be found within the timespan of this study, the removed material 

is considered consumed and will in the subsequent financial model incur a cost. The consumed 

material during this step is presented in the table 12. When removing water and acid from the 

bath it will be important to insert additional water or acid to sustain the acid concentration, 
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which is illustrated in the blue and red arrows in figure 12. For a more detailed description of 

the acidic bath material flows, see Appendix 4. 

Table 12 - The material consumption and material cost for the acidic bath 

Material 
Material consumption (kg/kg 

produced nanocellulose filaments) 

Total material cost (SEK/kg 

produced nanocellulose filaments) 

DI Water 2357 20 

H2SO4 1,16 2,1 

Total  22,1 

 

D. Alternative solvent bath 

The solvent bath is assumed to maintain a constant concentration of solvent and volume. This 

is due to the excess of DI water and H2SO4 being added into the bath with the filament. The 

same amount of DI water and H2SO4 needs to be removed. Some of it is already being removed 

in the filament as it carries solvent, DI water and H2SO4 to the drying step, as illustrated in the 

figure 14.  

More acidic solution of DI water and H2SO4 need to be removed, but the problem is that 

removing the acidic solution causes solvent to be lost as well. New solvent must be added into 

the bath continuously. Unlike the previous acidic bath, the removed material is not considered 

consumed because it does not leave the analysed process. Instead it continues onto the solvent 

recovery step, which is performed through distillation, which is presented in later chapters. 

 

Figure 14 - New solvent is added constantly to compensate for the removed solvent when attempting to remove the excess DI 

water and H2SO4 

As no material is consumed as it is not removed from the analysed system, and no energy is 

consumed to perform this process step, this step will not incur any costs. Instead, the costs of 

the removed material will continue onto step G which is where the solvent is recovered. 
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However, for a more detailed description of the material flows in the solvent bath, see 

Appendix 5. 

 

E. Drying process 

The thread now contains H2SO4, DI water, and solvent depending on scenario, that need to be 

removed from the filament. After the filaments have been dried, the dried and homogenous 

filament is collected in a spool as illustrated in the figure 15. 

However, whether this step incurs any material costs depends on the scenarios S1-S9 which 

previously were presented. Illustrated in the figure 15, for scenarios S1-S8, the removed DI 

water, H2SO4 and solvent do not exit the analysed production process and instead continue to 

the solvent recovery step, which is done through distillation. This is something that will be 

clarified in the next process step G.  

In scenario S9, there is no solvent recovery process or any process to recover the acidic solution 

of DI water and H2SO4. Therefore, a material cost will be incurred in scenario S9, which has 

been summed below in the table 13 and illustrated in figure 15. 

Table 13 - The material consumption and material cost for the drying process 

S9: Material 
Material consumption (kg/kg 

produced nanocellulose filaments) 

Total material cost (SEK/kg 

produced nanocellulose filaments) 

DI Water 332 2,8 

H2SO4 0,17 0,3 

Total  3,1 

 

 

Figure 15 - The filament contains DI water, H2SO4, with and without solvent, when drying 
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In lab scale, the drying process is done by air-drying (Mittal et al., 2018). However, in this 

study where the nanocellulose filament production is modelled after an industrialized process, 

the drying process would most likely need to be a faster process, which will result in an energy 

consumption from a dryer. It is assumed to have a drying efficiency of 50%. We assume that 

energy is used to power the dryer to dry the filament, and it is therefore considered a cost 

element in this step. 

In figure 16, it is shown that the energy cost to dry the filament will vary depending on the 

purity level of the solvent being used in the different scenarios. In the scenarios S4 and S8, the 

filament contains higher solvent purity levels (90%), compared to the other scenarios. The 

remaining 10% in both scenarios are DI water and H2SO4. The explanation for why energy 

consumption decreases as solvent purity increases is twofold: the solvents have lower boiling 

points and heat characteristics than water and H2SO4, and the nanocellulose filaments absorb 

less solvent than water. This makes it more beneficial from an energy perspective to maintain 

solvent purities as high as possible. It is expected, in other scenarios where the filament 

contains higher levels of DI water and H2SO4, that it will require more energy. It is therefore 

by no surprise that S9 has the highest energy cost. Comparing the scenarios S1-S8, it would be 

most cost-effective to utilize acetone 90 % as a solvent. For additional details concerning the 

drying process, see Appendix 6. 

 

Figure 16 - The energy consumption and energy cost of the drying process for scenarios S1-S9 
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G. Alternative solvent recovery 

The distillation serves to separate solvent from acidic solution, meaning that the solvent can be 

reused in the solvent bath. Distillation for solvent recovery is not considered in S9, as no solvent 

is used in S9. To perform the distillation, energy will be consumed. However, the distillation 

is assumed to have a recovery rate of 99%, meaning that 1% of the material is entering the 

distillation is lost. Therefore, the distillation step will also have a material consumption. 

The contributing factor of the material loss of 1% in the distillation process and the associated 

material cost are presented in the table 14. The material loss of 1% results in the same 

contributing factor for material consumption for both acetone and ethanol. The only difference 

in contributing factor appears when varying the purity levels. However, the material cost of the 

lost acetone is about 4 times higher than the cost for ethanol due to differences in price. 

Table 14 - The material consumption and material cost for different solvents and purities, presented for different scenarios 

Scenarios and 

Solvent 

purity 

Material consumption 

(kg/kg produced 

nanocellulose filaments) 

Material cost for 

ethanol (SEK/kg 

produced nanocellulose 

filaments) 

Material cost for 

acetone (SEK/kg 

produced nanocellulose 

filaments) 

(S1, S5) 30% 1,3 2,3 12 

(S2, S6) 50% 3,1 5,6 28 

(S3, S7) 70% 7,4 13 67 

(S4, S8) 90% 30 53 267 

 

The distillation process differs when using acetone and ethanol. Due to its complexity, no 

causal chain could be established and modelled at this step, and two external specialists were 

consulted to calculate the energy requirements for the distillation. The methods used differed 

somewhat.  

The energy consumption of the distillation of acetone and ethanol is presented in figure 17 

below, which is present for scenarios S1-S8. S9 is considered not to have any costs, since there 

is no solvent to distil and no recovery process could be found for H2SO4 and DI water. Due to 

the increase in solvent purity, more solvent is removed from the solvent bath to maintain its 

concentration and volume. Therefore, a larger amount needs to be distilled. However, when the 

distillation feed, consisting of solvent and acidic solution from solvent bath as well as the 

drying step, enters the distillation, it has to be at boiling point, which means that the solvent 

from bath needs to be heated to its boiling point whereas the solvent from drying is already at 

the desired temperature.  
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Figure 17 - The distillation energy consumption and energy cost for scenarios S1-S9 

The difference in energy to distil the solvents could be explained by the heat characteristics of 

the solvents. Acetone has a lower boiling point, specific heat capacity as well as latent heat 

than ethanol. Another explanation could be the fact that two different models were used to 

calculate the distillation energy for ethanol and acetone which might have different restrictions, 

input parameters and sources of error. For a more in-depth description of the distillation step, 

see Appendix 7. 
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7.3 Scenario cost overview 

In this section, the sum of previously established costs from the studied scenarios will be 

addressed and analysed. The underlying parameters determining the cost drivers in the 

production of nanocellulose filaments are then presented and evaluated. They are divided into 

underlying parameters of the cost elements considered in the model; material and energy 

consumption, affecting the process steps of distillation and drying. 

 

In figure 18, all the process steps from the nanocellulose filament production have been 

summarized. The scenario S6, where acetone at 50% purity is used, has the lowest total cost of 

approximately 230 SEK/kg, and scenario S4 with ethanol at 90% purity has the highest total 

cost of 3080 SEK/kg of produced nanocellulose filaments. 

It is worth mentioning that scenario S9 where only DI water is utilized is one of the cheaper 

alternatives compared to the other scenarios. The main reason for this is that there is no solvent 

included in the process steps; thus, no energy is required for distillation, despite the energy for 

drying being comparatively higher than in other scenarios. This could imply that it is of interest 

to further investigate this scenario as it currently appears to be the most promising, because the 

remaining scenarios have not been tested extensively in the laboratory and on-going research 

is suggesting that they might not be favourable in terms of filament quality. When comparing 

all the cost elements considered, in terms of energy and material consumption, either the 

drying- or the distillation process are most expensive in all scenarios. These needs to be 

improved in first-hand in order to decrease the overall operational expenditures. These will 

also be discussed in-depth in the following chapter. For a more detailed overview of each 

production costs of each process step scenario, see Appendix 8. 

 

Figure 18 – The total direct OpEx / kg of produced nanocellulose filaments for scenarios S1-S9 
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7.3.1 Cost driver parameter assessment 

 

Energy consumption 

The energy consumption of the distillation of acetone and ethanol are the two steps with major 

process costs in scenarios S1-S4, meaning where ethanol is used at 30-90% purity as well as in 

S7-S8 where acetone is used at 70-90% purity. They were calculated by two external partners: 

Ola Wallberg at Lunds University and Jens Wolf at RISE AB. The fact that two different 

models were used for the calculations could affect the comparison between the scenarios, as it 

is not known to what extent these models share similar conditions and assumptions. Further 

investigation of these could not been done due to time restrictions of this study and the 

complexity of each external models. One example of this is that the modelling of the distillation 

of ethanol was under restriction as to not allow the distillation tower height to extend beyond 

50 m, which limits the decrease in Direct OpEx. However, whether or not the modelling of 

acetone distillation did have such restrictions is not known, meaning that the lower energy cost 

of distillation was not restricted and could risk being lower than what would otherwise be 

reasonable. 

Independent of the choice of solvent, the solvent distillation energy cost increases with 

increased purity. The most dramatic increase is between 70% and 90% purity where the energy 

requirement more than doubles. This is a consequence of the high amount of water introduced 

to the solvent bath with the nanocellulose thread with the solvent bath requiring more solvent 

to be removed when removing the excess of DI water and H2SO4 that are added continuously 

into the bath, in order to maintain its purity level and volume. That increase in mass of solvent 

being fed into the distillation dramatically increases the energy consumed. Therefore, 

alternative techniques of maintaining solvent purity in the bath or recovering solvent should be 

investigated to reduce the amount of solvent unnecessarily removed. 

The second major cost in the production of nanocellulose filaments of scenarios S1-S3, S5-S7 

and S9 is the drying process. The energy consumption for the drying process has been 

calculated theoretically and then a factor was added to account for dryer efficiency. The dryer 

efficiency factor was assumed to be 0,5. The efficiency ranges between below 50% to 80% 

(Kemp, 2014). This has a direct impact on the energy cost of drying and it increases the total 

production cost considerably in scenarios where drying cost stands for at least 50% of it, such 

as in S1, S5, S6 and S9. 

 

Material consumption and prices 

The material cost throughout the production process is not significant in most scenarios, except 

for in scenario S7 and S8 where it is the second largest cost contributor. The two underlying 

factors for this are, firstly because of the mass feed into the distillation, where the loss rate is 

1%. Secondly, the high material cost is a consequence of the found high acetone price as well 

as the increased amount being fed into the distillation with increased solvent purity of 70% and 
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90%. Only a price factor of 1 has been considered in the model. The underlying reason for this 

will be discussed below.  

During the data collection phase, it was informed that price information could be gathered from 

Alibaba.com, due to its flexibility and accessibility from different international chemical 

distributors. The intention was to gather information where the desired chemical properties and 

relevant amounts could be found at the lowest price possible. Similar information could not be 

found at the European chemical distributors’ webpages. In cases where the prices were found 

at European distributors, they were often extremely high making it incomparable to the prices 

found at Alibaba.com. In order to get access to more fair prices at these European distributors, 

it was notified from the involved parties that prices often are negotiable under certain 

conditions, between a customer and distributor. Therefore, prices from Alibaba.com were 

chosen, where many of the prices are gathered from distributors located in China. This dilemma 

was confirmed by several interviewees to be very common within the chemical industry.  

During several interviews held throughout the study, it was highlighted though that even if the 

prices offered from Chinese distributors from Alibaba.com seem less expensive, taxes, 

transportation and tariff costs are excluded from Alibaba. These costs vary immensely and are 

individual dependent on different factors, such as profit margin, desired chemical amount and 

the negotiation itself, which is highly individual. It was argued during one of the interviews 

that the appropriate price factor could be set to 1, meaning that the excluded costs would not 

be taken into consideration. The reason was because of the price list presented online at 

Alibaba.com could, in many cases, be negotiated down to a price amount where it corresponded 

to the same amount as the excluded costs according to one of the interviewees. 

For these reasons, it is concluded that while the price factor will affect the overall production 

cost in scenario S7 and S8 the most seeing as those scenarios include the largest material cost, 

the chosen price factor of 1 is considered reasonable. 
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8 PBCM’s applicability in the context of nanocellulose filament 

production 
In this section the applicability of PBCM in the empirical context will be discussed and 

analysed. More specifically how PBCM has been used and interpreted and what implications 

exist on PBCM because of the technology being at TRL 4-5. Analyses from applying PBCM 

and its reliability and validity will also be addressed and discussed.  

 

8.1 How PBCM was applied 

The PBCM has been analysed in the context of nanocellulose filament production. The 

technical process-, operations- and financial model will be presented.  

 

8.1.1 Technical process model 

As Kirchain (2001) argues, PBCM serves the purpose to mathematically transform a process 

and operational description into production costs. These are described from the required 

resources such as energy, mass etc. The transformation itself needs to be build stepwise in order 

to repeatedly establish a causal chain of a complex process (Kirchain, 2001). This can be done 

by first identifying relevant cost elements in the process model (Field et al., 2007). The term 

“cost elements” is fundamentally referred to as a cause of cost, meaning why a cost occurs. 

These causes are highly context dependent (Kirchain, 2001) and the ones in this study are no 

exception. In the data collection phase, the pre-study of this project and the continuously 

conducted interviews throughout the study provided a great foundation to the process of 

choosing what essential cost elements that could be relevant for investigation. It was 

established from the involved parties that the choice of materials and the use of energy were of 

most relevance in our study and would result in the desired level of accuracy. Other cost 

elements, such as labour and building space, were more difficult to estimate but they would 

likely also not vary greatly between scenarios. 

After the selection of cost elements had been done, the understanding of these cost elements, 

their interactions in the system and the over-all possibilities and limitations were the next 

challenge and the most time-consuming aspect of this study. Even though the interviews and 

previous mentioned methods served their purpose, there were also several observations in the 

current lab-scale production where interactions with researchers and PhD-students took place. 

These situations contributed to a greater understanding of how and what the challenges were, 

and which cost elements had these cause-effects relations in the process.  

As recommended by Kirchain (2001) material is a common cost element that could help to 

establish a causal chain for a potential complex process. This cost element also considers a 

scrap value, which is the value of a physical asset when the asset itself is deemed to no longer 

be usable in that context. Since the understanding of the interactions between the cost elements 

were of priority, evaluating the worth of the scrap values was postponed the later stages of the 

study. In the end, the scrap value from each process step in the nanocellulose filament 
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production was excluded due to time limitations but needs to be considered in future studies or 

expansions of the model.  

 

8.1.2 Operations model & financial model 

The second step of the PBCM was to establish what the contributing factor of each cost element 

was and identifying the magnitude of the data upon which the final cost is based (Kirchain, 

2001). As presented earlier, the cost elements were divided into material and energy. These 

were initially chosen from Mittal et al. (2018) that is the most recently published iteration of 

the process existing on lab scale, but was then expanded upon in communication with 

commissioner, external parties and access to additional un-published documentation 

attempting new experimentation. Therefore, equipment was chosen with respect to capacity 

and available equipment information as not all equipment had specifications available online, 

nor could they be estimated theoretically. 

The causal chain that then was modelled and simulated considers both material and energy as 

cost elements, calculated through mass balances within and between process steps, and energy 

equations, ultimately relating process input to process output. The energy equations, 

particularly for the drying process, had the addition of a factor to account for real-world 

inefficiencies. Cycle times for the equipment presented were also considered and obtained from 

their specifications data, which is an example of how to consider implications of technical 

variation by Kirchain (2001). The established operations model which creates a relationship 

between process input and output accounted for technical variations and their implications at 

all process step, which is recommended to do whenever possible according to Kirchain (2001). 

Throughout the study, data gathering, and modelling was done in parallel to continuously 

construct and improve upon the model as the need for more process data appeared. 

However, due to the high complexity in certain steps of the analysed process, there were 

discontinuities in the causal chain as some intermediate factors could not be established through 

simple engineering approximations, and simultaneously deemed to significant to simply 

exclude. This affects to which extent certain parameters are controllable by simply changing 

the process input. In an attempt to circumvent this, two external models were used, and the data 

was manually implemented into the model, as we do not have extensive experience within the 

field of chemistry to perform said calculations. This discontinuity resulted in the need to change 

that parameter manually if other previous input parameters are altered, as the manually inserted 

data will not necessarily correspond to the change in previous parameters. 

In this study, the financial model was considered an extension of the operations model. After 

that the requirements had been established for each cost elements in each step, the requirements 

were multiplied by the unit cost for that cost element, and thus attaining an energy cost and 

material cost in the steps where these cost elements were consumed. Lastly, these costs were 

summarized for each scenario to show the total cost of the production as well as illustrate the 

cost distribution for each scenario. 
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8.2 The implications on PBCM of the current Technology Readiness Level 4-5 

In the following section the implications that the TRL grading has had on the application of 

PBCM in the context of nanocellulose filament production will be presented. The current TRL 

has resulted in a merge of the Operations and Financial model, higher complexity in the 

modelling process as well as the exclusion of CapEx in the cost estimation. 

 

8.2.1 Merge of Operations and Financial model 

One way of executing the cost modelling is to establish a technical, operations and lastly a 

financial model (Field et al., 2007). However, the financial model was merged with the 

operations model because of the limitation and assumptions that could be interpreted from 

grading the current lab-scale nanocellulose filament production to be at TRL 4-5. This resulted 

in an active choice to only focus on an in-depth investigation to identify and analyse the cost 

elements in terms of material and energy in the PBCM. These are factor directly utilized in 

production, meaning that after listing the required resource used in the production, it only 

required one operation to obtain the total cost of each of the cost elements in each step. 

Afterwards, these were summarized to attain the total cost of producing nanocellulose 

filaments. Therefore, our operations- and financial model were merged by adding an extra 

column in the model, since it did not require more than one additional operation to bridge the 

models. It is though worth mentioning that if more property data was available, more cost 

elements could be identified, addressed and discussed in this study. This could have changed 

the structure of the modelling process by separating the operations- and financial model. The 

lack of data does once again explain why the current lab-scale only fulfilled the criteria for 

TRL 4-5 which resulted in a similar limitation in of itself when investigating a possible 

industrial scale nanocellulose filament production.  

 

8.2.2 High complexity 

Limitations in the applicability and precision of PBCM has mainly focused around the lack of 

available process data. This resulted in the need for communication with several parties 

involved but also with external parties, many of whom have extended expertise in their 

respective fields. The data gathering needed to be done to establish the necessary production 

process conditions and parameters to begin constructing the model, to ensure that all relevant 

parameters are included in the model, but also to discuss aspects of the production process with 

higher complexity. Process steps of higher complexity and unknown process data have resulted 

in engineering approximations being done throughout the model, such as assuming linearity 

for certain process steps, to allow for increased accuracy in the construction of certain aspects 

of the model instead of simply excluding them. The decision of when to perform said 

engineering approximations were decided by discussing the importance of the increase in 

precision compared to the effort of perform it (Kirchain, 2001). This highlighted the fact that 

to construct a PBCM at this level of data availability, meaning at the current TRL of 4-5, might 

require a multidisciplinary approach. 
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8.2.3 CapEx exclusion 

An additional issue arising from the lack of data is that CapEx could not be established as the 

cost of equipment utilized in the production process could not be accessed. Furthermore, even 

if costs could have been found, CapEx could not have been allocated onto the cost of produced 

nanocellulose filament as the scale has not been determined properly. This is because of the 

exact characteristics of the filaments in each scenario that was evaluated remain unknown as 

experiments are currently on-going in attempt to establish them. That results in the product 

application still being unknown as well, as they are still being explored, which is achieved in 

TRL 6 as opposed to the current TRL 4-5. Consequently, the demand for nanocellulose 

filaments and thus the volumes of production remain uncertain as these two are dependent on 

each other (Kirchain, 2001), which means that the desired scale of production could not be 

determined. Scale is, according to Field et al. (2007), a significant parameter with the argument 

that the operational decisions will be adapted to meet production targets, something that could 

not be done as the production targets are not yet known. Attempts were made during the study 

to identify an approximate scale. It was notified from one of the interviewees that the 

technology of the nanocellulose filament production is still not mature enough to increase the 

production rate reaching industrial scales.  

Investigation in potential parallelization of the process, particularly the double flow-focus 

nozzle to increase the production rate, is still being explored in un-published research. This 

results in that CapEx, such as specific equipment specifications for parallelized production, 

auxiliary equipment, production space and overhead labour costs remain unknown. Even 

production factors directly employed in production such as direct labour could not be 

established due to the uncertainties in the production process design. As the technology reaches 

higher TRL, CapEx and other aspects such as filament characteristics should be incorporated 

into the model. 

 

8.2.4 Summary of the implications 

The current TRL of 4-5 is defined according to the data availability of the analyzed process 

which has implications on the applicability of PBCM. Firstly, the data availability has created 

a limited difference between the operations and financial model as the only difference between 

them is one modelling operation. Therefore, these two have been merged. Secondly, to 

establish the process conditions and parameters to begin modelling, a multidisciplinary 

approach would need to be taken, while also making reasonable engineering approximations 

to compensate for the lack of data. Thirdly, as the product properties remain unknown, so does 

its areas of applications on the market, which results in an unknown demand and consequently 

an unknown desired scale of production. The unknown scale, and the difficulties in attaining 

and estimating equipment costs online, has resulted in an exclusion of CapEx in the modelling. 
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8.3 Analyses from applying PBCM 

This section will be dedicated to highlight the possible analyses that can be done as a result of 

applying PBCM in the context of nanocellulose filament production. 

 

8.3.1 Production costs 

The most obvious example of what PBCM can be used to show is an estimation of the Direct 

Operational Expenditures per kg of produced nanocellulose filaments in different scenarios 

that are derived from variation in production design, as it is a cost model after all. The PBCM 

in its current state can be used to compare the scenarios based on cost by presenting a 

distribution of the costs depending on the energy and material consumption at each process 

step. The resulting costs range from 230 to 3000 SEK per kg of produced nanocellulose 

filaments, with energy for drying or distillation being the main cost drivers in all scenarios. 

Scenarios S5, S6, S7 and S9 are all in about the same production cost interval, between 230-

300 SEK per kg of produced nanocellulose filaments.  

 

8.3.2 Highlight areas of future research 

As mentioned in Field et al. (2007), in addition to providing a production cost estimation by 

relating it to process specifics, PBCM comes with related analyses such as determining the 

major cost drivers in the modelled processes to allow stakeholders to implement measures to 

react. This analysis could be done in the empirical context, where causes and magnitudes of 

major production cost could be highlighted in the model, such as energy requirements for 

distillation and drying, thus indicating to which areas attention should be given in future 

research. The areas to focus on are both actual production process improvements and modelling 

improvements, as additional cost parameters could be of interest to consider. CapEx would be 

particularly interesting to investigate further as to provide a larger basis for decision-making 

concerning production design. Technical assessment of the drying and distillation process 

might indicate that using solvent is more favorable at times, whereas a cost model that includes 

Capex could potentially indicate otherwise. 

 

8.3.3 Increased speed-to-market 

PBCM can also be used to provide support for future decision-making. Decisions concerning 

costs can be evaluated by modeling and simulation before being physically implemented, thus 

increasing the number of concurrent process as experimentation can occur simultaneously. This 

increases the speed-to-market for new product development as mentioned in Müller-Stewens 

& Möller (2017), as R&D integrates with finance but complexity increases. 
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8.3.4 Scenario analysis 

The different scenarios attained as a consequence of different process alternatives can act as 

the basis of cost discussion, which is also mentioned by Field et al. (2007) as a related analysis 

derived from PBCM. Transparency becomes an essential aspect of the model to make it 

coherently structured and understandable, but also by presenting assumptions and limitations 

in the modelling, thus shifting focus in the discussion from the modelling method towards the 

actual cost drivers and what they imply for the production process. The evaluated scenarios can 

therefore be discussed based on their implications on aspects outside of the analyzed system 

which further highlights potential aspects to consider when expanding the model.  

 

8.3.5 Process parameter sensitivity 

Utilizing PBCM by establishing a continuous causal chain can illustrate the impact when 

changing certain parameters in the model, which is mentioned in Field et al. (2007). However, 

due to discontinuity in the causal chain of the constructed model, this process sensitivity cannot 

be performed quantitatively yet. That would have to be performed when a fully continuous 

causal chain is established, as estimations based on lab scale data might be misleading due to 

errors increasing with the same magnitude as the overall estimations. The impact needs to be 

assessed and new data needs to be gathered when operating at a larger scale than lab scale, such 

as a pilot plant. The resulting scenarios attained in this study with their associated production 

costs can be discussed qualitatively. Field et al. (2007) mentions that such a sensitivity analysis 

can be combined with a realistic assessment of parameter variation, which is what has been 

done in this study and therefore the major cost drivers in each investigated scenario can be 

addressed to account for their variation and uncertainties. 

 

8.4 Reliability and validity 

The study reliability and validity will be discussed in this section, focusing on the subjectivity 

of the study and accuracy of the application of PBCM in this context. 

 

8.4.1 Reliability 

As mentioned by Collis & Hussey (2014), reliability refers to similarities in study results of 

they were to be conducted again, which also coincides with the definition provided by Yin 

(2013) that implies that the same results should be attained if an independent author conducts 

the same study, for the same case, following the same procedures. Increased reliability should 

therefore minimize biases and errors according to Yin (2013).  

The TRL scale itself and its beginning and end are inherently subjective as their definitions 

depends on the interpretation of a technology and how it can be used. The technology of 

spinning nanocellulose into filaments has been defined according to TRL by the authors of this 

study. To mitigate the subjectivity, the definition was discussed with commissioner to 

determine if there are any divides in subjectivity before establishing the TRL of the technology. 

The grading of the TRL has itself not greatly impacted the way of conducting the PBCM 
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process, as both are being evaluated based upon data that originates from the same kind of 

contextual setting: the current lab-scale process.  

 

8.4.2 Validity 

Validity refers to what extent the phenomenon in the study is accurately reflected by the 

research finding (Collis & Hussey, 2014). 

Meetings, interviews and discussions have been held continuously throughout the study to gain 

new process and parameter data, both published and un-published, to create new iterations of 

the constructed model and results. Interviews with internal and external parties, and workshops 

have been held continuously to critique and verify previous results. During these interviews, it 

was made sure to record, take notes in order to reduce the risk producing skewed results. These 

were then analysed after each interview session. These occasions have also challenged the way 

of modelling the PBCM-process and enable new way to resolve technical as well as financial 

difficulties. These ways of addressing the results have been used in order to increase the 

accuracy of the cost model. As previously mentioned, the relevance of different aspects of the 

model, such as the chosen cost elements, was done together with commissioner. 

At this stage of TRL 4-5, meaning with the current data availability of the technology, different 

engineering approximations have been done to facilitate the construction of the model. This 

was also done due to time restraint and by the fact that these aspects of the model were deemed 

of less importance for the overall cost. 

However, to what extent the calculations are accurate and representative of the scenarios if they 

were be done in practice cannot be determined without any error until the scenarios are realized. 

This implies that the accuracy of the model can only be fully determined in retrospect as there 

will always be margin for errors and parameters that have not been considered when modelling. 

This is a consequence of the application of PBCM, as not every cost element and not every 

relation between cost elements can be established nor is it practical for the purpose of utilizing 

PBCM. Therefore, with respect to the purpose that PBCM serves, the extent to which the 

phenomenon is reflected by the research finding is deemed sufficiently large. 
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9 Conclusion 
In this section the conclusions will be presented derived from the previous chapters, and Sub-

Question 1 (SQ1), Sub-Question 2 (SQ2) and Main Research Question (MRQ) will be 

addressed in that order. Lastly, how this study contributes to the UN Sustainable Development 

Goals will be presented. 

 

9.1 SQ1 – Level of maturity of the lab-scale process and its implications 

The maturity level of the current technology of nanocellulose filament production is currently 

at TRL 4 as it matches the criteria presented in Buchner et al. (2018). However, the technology 

also matches the description of certain aspects of TRL 5, such as evaluating process alternatives 

and gathering property data, indicating that it is moving towards TRL 5.  

Unexplored parameters and factors of the current lab-scale nanocellulose filament production 

were highlighted as a great limitation. It was notified that no scale or application area had been 

explored before initiating this master thesis. The TRL grading highlighted this limitation 

enabling attempts trying to identify these but with unsuccessful results. These limitations 

contributed to more efficient and conscious delimitations when initiating the process of 

applying PBCM in the context of nanocellulose filament production on industrial scale, such 

as excluding CapEx. However, the lack of systematic experimentation giving rise to 

uncertainty in the dependence of product property on process parameters, resulted in 

difficulties delimiting the scope of investigated alternatives. This might have led to unnecessary 

effort and taken time from other, potentially more relevant, scenarios worth investigating. 

In general, the limitations identified from using the TRL-framework, provided a stable 

trajectory and indicated which cost elements deemed to be more necessary when constructing 

the PBCM’s three perspectives: technical-, operations and financial model.  

 

9.2 SQ 2 – The understanding of the industrialized production process from PBCM 

PBCM can be utilized to identify, analyse and somewhat quantify the magnitude of the total 

costs of each process steps of the nanocellulose filament production. Putting all these costs in 

relations to the entire production process, enables great opportunity to highlight to which 

aspects of the process future research should turn its attention. As it appears from the 

operations- and financial model, utilizing acetone as a solvent at the lower purity levels, 

compared to ethanol, or simply utilizing water would be preferable from an economical 

perspective. The cheapest outcome is the scenario S6, where acetone with a purity level of 50% 

is used. The total Direct OpEx is approximately 230 SEK/kg nanocellulose filaments, 

compared to the most expensive scenario S4 where ethanol 90% is used, costing approximately 

3080 SEK/kg of produced nanocellulose filaments.  

PBCM also highlights that when comparing all process steps, the drying- or distillation process 

step require most energy in all scenarios. Therefore, PBCM gives an indicator of which process 

steps that are the largest cost drivers that might need to be addressed in order to reach higher 
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levels of profitability. However, the PBCM does not indicate how this should be done or 

whether the necessary investment (CapEx) should be done, as it needs to consider more aspects 

of production and be put in contrast to the revenue that could be generated to ultimately 

determine the profitability. 

 

9.3 MRQ – Effects of the TRL grading on the application of PBCM 

The current TRL of 4-5 creates limitations in the accuracy of the created PBCM, mostly with 

regards to cost allocation of CapEx onto units of production, making engineering 

approximations and modelling a continuous and accurate casual chain from process in- to 

output of each process step. Although PBCM did serve its purpose of identifying the main cost 

drivers, their magnitude and areas of future research, the use of the cost model is not sufficient 

to determine which process alternatives to pursue. Therefore, PBCM might be applicable at a 

low TRL but it needs to continuously be expanded to include other important aspects to serve 

as a better basis upon which techno-economic decision can be made. 
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9.4 Contribution to sustainability 

In this section the UN Sustainable Development Goals will be presented that are addressed 

by the use of nanocellulose filaments as well as the by PBCM. 

In 2015, all United Nations member states adopt an agenda called “the 2030 Agenda for 

Sustainable Development”. It provides a shared blueprint for prosperity and peace for the 

planet and for the people, not only for now, but for the future. All the 17 Sustainable 

Development Goals (SDGs) are an urgent call for all developing and developed countries to 

contribute in a global partnership to end poverty, reduce inequality and spur economic growth, 

all while tackling climate change (UN, n.d.). The SDGs to which this project is considered to 

contribute are motivated below: 

SDG 9: Build a resilient infrastructure, promote inclusive and sustainable 

industrialization and foster innovation. Part of this goal argues that manufacturing industry 

needs to achieve inclusive and sustainable industrialization, to enable efficient use of resources 

(UN, 2018). Conducting an economic evaluation of the nanocellulose filament production 

process with material recovery possibilities does not only contribute to building a future 

infrastructure for nanocellulose filament production processes, but it does also enable a more 

efficient usage of resources since the project investigates scenarios where the materials are 

reused. Hopefully, the modelling and simulation of the nanocellulose production cost would 

also help inspire the production of other bio-based materials move towards a more sustainable 

pattern and help fostering more innovation through early-stage and well-founded decision-

making. 

SDG 12: Ensure sustainable consumption and production patterns. Part of this goal argues 

that decoupling economic growth from unsustainable resource usage is one of the great 

challenges that is facing humanity today (UN, 2018). The nanocellulose material is earlier 

mentioned to be biodegradable, environmental-friendly and renewable which could potentially 

substitute many petroleum-based materials (Kargarzadeh et al., 2017). This study could 

somewhat be a start of contributing to a decrease of the addressed “material footprint” (UN, 

2018), once the economic sustainability has been established and nanocellulose filaments are 

being produced and utilized in future application areas.  
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10 Future research 
During the study we identified a few interesting aspects that could be of interest for further 

investigation both for RISE and other external parties. Due to the limited time scope of the 

study, these have not been included in the study. Therefore, these act as suggestions of areas 

upon which to conduct future research. 

 

10.1 To the academia 

The recommended areas for further research are connected to PBCM and TRL. These are 

summarized below.  

Conducting more single case studies utilizing PBCM. Further studies are needed where the 

applicability of PBCM are being utilized in different kinds of settings. More studies would 

contribute to better knowledge within the PBCM. 

Conducting more longitudinal studies utilizing PBCM. More studies are needed where 

applying PBCM more iteratively in environments where the production process or technology 

are under constant development and spanning more, if not all, TRLs. This could contribute to 

more verified and more precise results from the modelling process, to determine how and when 

to utilize PBCM with respect to the technology’s level of maturity.  

Conducting multiple case studies of PBCM and TRL. This is similar to the previous 

recommendations. The difference is that multiple case studies utilizing PBCM in combination 

with TRL could contribute to more generalizability in terms of when and how these methods 

should be used depending how mature the project is. Should TRL be utilized in order to identify 

the limitations of a project, to then adapt the considered cost elements when evaluating a 

process with the help of PBCM? Are there other settings where the reversed approach is more 

beneficial?  

 

10.2 To RISE 

The recommended areas for further research are directed to RISE. The suggested 

improvements are important to further improve the results of the study. Furthermore, other 

general recommendations are also presented below. 

Conduct a Life-cycle assessment (LCA) of the process. This method assesses the 

environmental impacts that is associated with the stages of a product’s life. By doing this, it 

would identify potential impacts that could help the decision-makers be informed before 

deciding the characteristics of a future nanocellulose filament production plant. 

Identify the revenue-model. In this study, the cost perspective was investigated. It is as 

important to investigate a future revenue-model for a similar nanocellulose filament production 

plant to provide a fair picture of the project and asses its profitability. This can be done by first 

identifying the properties of the produced filaments, to then investigate which possible 
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application areas that could be attractive. The current estimated production costs indicate a 

need for a high-value application. 

Identify the properties of the produced filaments. Further investigation is needed to identify 

how sensitive the desired properties of the produced filaments are, as well as how these 

properties are affected if future modifications on the production process are made. The choice 

of concentration and flow rates of each production process could affect the properties, but these 

aspects were not taken into consideration in this project, as the cheapest alternative of using 

acetone 50% is one of the many scenarios from this study that have not been tested in the 

laboratory. These aspects will be interesting to further investigate in when the maturity level 

of this project increases. 

Expand the PBCM-model. Further expansion of our model will be necessary in terms of 

considering more cost elements into our model than just energy and material. Kirchain (2001) 

recommend possible cost elements that could be labour, transportation, equipment etc. It will 

also be important to include more important factors, such as production time, corrosiveness of 

the materials, necessary pre-disposal treatment etc. Including the capital expenditures would 

also increase the accuracy of the model. Also, the inclusion of the scrap values of each process 

steps needs to be considered.  These parameters can be included as TRL increases and more 

data becomes available to perform reasonable and accurate estimations. 

Investigate more process alternatives. New process alternatives of interest can be introduced 

into the model to allow for more scenarios to evaluate, with different solvents, acids and 

process steps. This could be done when knowing the mechanical performance of the output 

filaments depending on input materials and process steps, as this determines which scenarios 

that are interesting to investigate further. 

Investigate the possibility of an integrated facility with pulp production. As energy cost 

stand for a significant fraction of the total cost, how should the future production plant be 

operated? Where is the most appropriate location to place such facility, from an economic and 

environmental perspective? The idea is to measure the increased efficiency gained, including 

heat recovery and transportation of the raw materials when integrating these facilities. 

Efficient sourcing. The sourcing of input materials should be reliable and efficient, and the 

market should be used when appropriate. An example of this is to decide whether to purchase 

the TEMPO-pretreated nanocellulose from suppliers such as Nippon or perform such process 

step in-house. When is it beneficial to produce material in-house and when is it appropriate to 

utilize the market in the context of nanocellulose filaments? 
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12 Appendix 

 

Appendix 1 – Cost elements 

• The prices were found on Alibaba.com and Indexmundi.com, and they were expressed 

in USD/unit of weight. The unit of currency conversion used was 9,03 SEK/USD. 

• Price factor of 1 has been used for the material prices.  

• The energy price is 0,5 SEK/kWh and is used to calculate whenever energy is 

consumed. 

 

**Deionized water 

A water purifier using reverse osmosis has been used to calculate the cost of deionized water 

(Alibaba, 2019). The cost was calculated as the price of the energy requirement to produce 1 L 

of water, assuming that water has the density of 1 kg/L and including the input cost of water 

which  is 7,4 SEK per cubic meter (Stockholm vatten och avfall, n.d.). The cost of produced 

deionized water is 0,0085 SEK/kg. 

Capacity 

(L/h)  

Power 

(kW)  

Energy per litre 

(kWh/L)  

Energy cost per 

litre (SEK/L)  

Water cost per 

litre (SEK/L)  

Total deionized water 

cost per litre (SEK/L)  

500  1,1  0,0022  0,0011  0,0074  0,0085  

 

  

Materials Price incl. factor 

(SEK/kg) 

Purity Specification 

Cellulose pulp 7,7 N/A Kraft pulp, softwood, 

bleached 

TEMPO (2,2,6,6 -

tetramethylpiperidin-1-oxyl)-

oxidation 

45,1 >99% CAS 2564-83-2 

Na3PO4 3,6 98% CAS 7601-54-9 

NaClO2 9,9 80% CAS 7758-19-2 

NaClO 2,7 10% CAS 7681-52-9 

**Deionized water 0,0088 N/A 98-99% desalination 

HCl 1,8 37% CAS 7647-01-0 

H2SO4 1,8 98% CAS 7664-93-9 

Ethanol 1,8 95,5% CAS 64-17-5 

Acetone 9,0 98% CAS 67-64-1 
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Appendix 2 – Energy consumption in pretreatment 

The pretreatment calculations assumed the production of 1 kg of nanocellulose filaments. 

• Stirring of the solution is performed with the equipment handling 20 L, converted into 

20 kg. Power at full capacity is 0,032 kW. The used capacity is only 0,11 and a 

throughput time of 2 h is assumed, which results in an energy consumption of 7,3 Wh. 

• The solution is washed, but energy and material requirements could not be established 

for this step. 

• The solution is then passed through a high-pressure homogenizer. The power at full 

capacity is 18,6 kW. The homogenizer requires that the nanocellulose concentration 

increases to 2%. The homogenizer handles 5L/min, converted into 5 kg/min. 

Throughput time is 10 minutes, resulting in an energy consumption of 3,1 kW. 

• The solution is mixed with the equipment handling 50 L. The power at full capacity is 

2,6 kW. The nanocellulose concentration is decreased to 0,1 %. 20 batches must be 

made to treat 1000 kg of solution, with 10 minutes for each batch. The resulting energy 

consumption is 8,7 kWh. 

• Sonication is then performed with a power of 2 kW at full capacity. The sonicator 

handles 4 L/min, converted into 4 kg/min. The solution takes approximately 250 

minutes to treat. The resulting energy consumption is 8,33 kWh. 

• Centrifugation is done with a power of 2,2 kW and can handle up to 1000 L/h. The 

throughput time is 1 h, which results in an energy consumption of 2,2 kWh. 

• In the end, pretreated nanocellulose with the concentration of 3g/L is attained (Mittal 

et al., 2018).  
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Appendix 3 – Double flow-focus material flows & energy 

consumption 

The double flow-focus has a core flow and two sheath flows. The mass concentration of each 

material is presented in the table below and multiplied by its respective volumetric flow rate to 

obtain the hourly mass production of each material. 

Double flow-focus channels 
Input dry material   

concentration (g/L) for pH 2 

Volume flow 

(mL/h) 

Hourly 

production (g/h) 

Core flow (Nanocellulose fibrils) 3 4,1 0,012 

Core flow (DI Water)  997 4,1 4,1 

1st sheath flow (DI water) 1000 4,4 4,4 

2nd sheath flow (H2SO4) 0,49 24,6 0,01 

2nd sheath flow (DI Water) 999 24,6 24,6 

 

Per nozzle, the flow set up consists of three syringe pumps with a power of 1,2 W each. Per 

hour, the three pumps combined consume 0,036 kWh at full load to produce the current 12,3 

mg/h of nanocellulose filaments. Full load has been assumed to be at the maximum pump rate 

of 6023 mL/h (World Precision Instruments, 2018). Furthermore, the power has been assumed 

to be linear to the pump rate to allow for a calculation of the energy consumption from each 

flow in the nozzle. The energy consumption was calculated to be 6,6 E-05 kWh to produce 

12,3 mg/h of nanocellulose filaments, and by relating these two the energy requirement was 

established per kg of produced nanocellulose filaments. 
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Appendix 4 – Acidic bath material flows 

The filament is extruded into the bath with an acidic solution of pH 2. The acidic solution 

amounts to approximately 99,7% of the total weight in the filament as it swells. This implies 

that the production of 1 kg of nanocellulose filaments requires approximately 332 kg of acidic 

solution, mostly consisting of water. 

In addition to the cost associated with the acidic solution in the filament, the bath is also 

calculated as to maintain a pH value of 2 and a constant volume, which without recovery of 

chemicals means that the bath must remove the excess of water and chemicals. However, 

additional treatment and chemicals for neutralization of the acids before disposal are not 

considered. 

As shown in the table below, the acid and water added into the bath comes from the double 

flow-focus nozzle and some of that acid and water is removed when the filament exits the 

acidic bath to continue to subsequent steps. The acidic solution in the filament is assumed to 

have the same composition as the actual bath, in this case being pH 2. The excess water needs 

to be removed. The unit of calculation has been the flows in g/h and these have then been 

related to the nanocellulose filament production of 12,3 mg/h which is assumed constant 

throughout the process as it is thought to be continuous from the acidic bath onwards. This 

results in the material and energy consumption per kg of nanocellulose filaments as presented 

in the operational and financial model. 

IF = Inflow from nozzle 

OF = Outflow in filament 

BB = Bath bleeding (IF-OF) 

Material 
IF acid dry-

substance (g/h) 

IF 

water bath 

(g/h) 

OF acid dry-

substance in 

filament (g/h) 

OF water in 

filament 

(g/h) 

BB acid dry-

substance 

(IF –OF) (g/h) 

BB water 

(IF -OF) 

(g/h) 

H2SO4 + 

water 
0,012 33,1 0,002 4,1 0,01 29 

 

When allowing the bath to bleed water, acid is removed as well. With the bath being at pH 2, 

acid will need to be continuously added in an extra flow. 

Furthermore, the removed acid needs to be re-concentrated before being reused in the double 

flow-focus nozzle and be added to the sheath flows. The technical specifications of doing so 

have not been established in this study. 
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Appendix 5 – Solvent bath material flows 

The filament can pass through a second bath of acetone or ethanol for a solvent exchange. As 

less swelling occurs with ethanol or acetone, nanocellulose fiber concentration goes from 0,1% 

up to approximately 2%. In order to produce 1 kg of nanocellulose filaments, approximately 

49 kg of solvent is present in the undried filament, as opposed to 332 kg of water. 

The acid and water entering the solvent bath comes in the filament, and the solvent, acid and 

water leaving the solvent bath is partially also in the filament when exiting the bath. The 

composition of solvent, water and acid in the filament is assumed to be equal to the bath, which 

varies with solvent purity. 

IF = Inflow in filament 

OF = Outflow in filament 

BB = Bath bleeding (IF-OF) 

EIF = Extra inflow 

 

Solvent purity 
IF acid dry-

substance (g/h) 

IF 

water (g/h) 

OF solvent 

(g/h) 

OF water 

(g/h) 

OF acid dry-

substance (g/h) 

Ethanol 30% 0,0020 4,086 0,181 0,422 0,000207 

Ethanol 50% 0,0020 4,086 0,301 0,301 0,000148 

Ethanol 70% 0,0020 4,086 0,422 0,181 8,8E-05 

Ethanol 90% 0,0020 4,086 0,542 0,060 2,9E-05 

Acetone 30% 0,0020 4,086 0,181 0,422 0,000154 

Acetone 50% 0,0020 4,086 0,301 0,301 0,000110 

Acetone 70% 0,0020 4,086 0,422 0,181 6,6E-05 

Acetone 90% 0,0020 4,086 0,542 0,060 2,9E-05 

  

The bleeding of each material from the bath is then calculated for each scenario, resulting in 

the table below. EIF = Extra inflow of solvent needed to keep mass balance. 

Solvent purity 
BB acid dry-

substance (g/h) 
BB water (g/h) 

Solvent bleeding if water 

+ acid bleeds (g/h) 

EIF of solvent 

(g/h) 

Ethanol 30% 0,00180 3,7 1,6 1,8 

Ethanol 50% 0,00186 3,9 3,7 4,1 

Ethanol 70% 0,00192 3,9 9,1 9,5 

Ethanol 90% 0,00198 4,0 36,3 36,8 

Acetone 30% 0,00185 3,7 1,6 1,8 

Acetone 50% 0,00189 3,8 3,8 4,1 

Acetone 70% 0,00194 3,9 9,1 9,5 

Acetone 90% 0,00198 4,0 36,3 36,8 

 

The solvent bath is assumed to maintain a constant concentration of solvent and volume, which 

means due to the excess of water and acid being added into the bath with the filament, the same 

amount of water and acid needs to be removed. However, removing water and acid causes 

solvent to be lost as well. New solvent is therefore introduced into the bath continuously. 
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Appendix 6 – Drying energy and material consumption 

The energy consumption to achieve the dried filament has been used and calculated under the 

assumption that the appropriate equipment has been used, such as a convective dryer. 

Convective dryers tend to have an efficiency around 50% (Kemp, 2014). An efficiency of 0,5 

has been used in this study. The water or solvent needed to be removed in the filament has the 

concentration of their respective baths.  

• The material cost is calculated when removing 332 kg of water and 0,163 kg of H2SO4 

as:  

(0,49 
g

L
𝐻2𝑆𝑂4 for pH 2) ∗ (332 kg of water) = 0,163 𝑘𝑔 𝑜𝑓 𝑑𝑟𝑦 𝑠𝑢𝑏𝑠𝑡𝑎𝑛𝑐𝑒 𝐻2𝑆𝑂4 

• The input H2SO4 is therefore:  

(0,163 kg of dry substance 𝐻2𝑆𝑂4)

(98% 𝐻2𝑆𝑂4 concentration)
 =  0,17 kg 

The energy costs are calculated to remove 332 kg of water, or 49 kg of each solvent, which are 

the amounts necessary to produce 1 kg of nanocellulose fibres. The acid content has been 

neglected in this step to simplify the calculations. 

To calculate the energy requirement to remove the water or solvents at maximum purity, the 

following formula was used:  

𝐸 =  𝑚 ∗ (𝐶 ∗ 𝛥𝑇 +  𝐿) 

E is the energy needed to completely dry the filaments. m is the total mass of the material 

(either water or solvent), C is the specific heat capacity of the material. ΔT is the difference 

between the boiling point of the material and room temperature (20 °C). L is the latent heat of 

the material. The values of these variables are presented in the table below. 

Material m (g) C (J/(g*K)) ΔT (degrees) L (J/g) 

Water 332 4,185 80 2265 

Ethanol 49 2,46 58 855 

Acetone 49 2,15 36 525 

 

Calculating the energy consumption of drying water in the table below is done using utilizing 

the heat characteristics of water mentioned in the table above, but also includes the dryer 

efficiency below. 

Material 
Dryer 

efficiency 

Energy (kWh/kg of 

nanocellulose filaments) 

Water 0,5 480 

 

However, the increase in solvent purity decreases the energy demand to dry the filament. 

Consideration must be taken to the swelling at different purity levels, as the total volume of the 

solvent and water will dependent on their mix. Therefore, a linear relationship can be 
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considered for the swelling, from a total of 49 kg at maximum solvent purity for both ethanol 

and acetone, to 332 kg at pure acidic solution (0% solvent purity).  

To account for the difference in concentration of nanocellulose depending on the purity of the 

solvent, meaning the water content, a linear relationship has been established between the water 

content and the nanocellulose swelling. The linear relationship is assumed to establish the 

increase in total mass when increasing the percentage of water. In other terms, it could be 

expressed as the total mass increase when decreasing the percentage of solvent purity. The 

calculations were done as follows: 

(𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑢𝑟𝑒 𝑤𝑎𝑡𝑒𝑟 −  𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑎𝑡 max 𝑝𝑢𝑟𝑖𝑡𝑦)

 (𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑎𝑡 max 𝑝𝑢𝑟𝑖𝑡𝑦)
  

 

=  (𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑚𝑎𝑠𝑠 )

(𝐷𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑖𝑛 𝑤𝑎𝑡𝑒𝑟 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒)
 

 

Material 
Increase in mass per increase in 

water percentage (kg/%) 

Ethanol 2,96 

Acetone 2,89 

 

The values differ between the solvent as they have different max purities, with ethanol being 

at 95,5% and acetone being at 98%. 

To calculate the mass of the solvent and water, the dependence on solvent purity above is taken 

into consideration. From there, the energy requirements to dry the solvent mass and the water 

mass are calculated separately and summed to gain the total energy consumption. 

  

Material 

Solvent to 

remove (kg/kg 

of 

nanocellulose 

filaments) 

Acidic solution 

to remove 

(kg/kg of 

nanocellulose 

filaments 

Energy to 

remove solvent 

(MJ/kg of 

nanocellulose 

filaments) 

Energy to 

remove water 

(MJ/kg of 

nanocellulose 

filaments) 

Energy 

consumption 

(kWh/kg of 

nanocellulose 

filaments) 

Ethanol 30% 74 173 74 450 291 

Ethanol 50% 95 95 95 248 191 

Ethanol 70% 94 40 94 105 110 

Ethanol 90% 70 8 69 201 50 

Acetone 30% 74 173 45 450 275 

Acetone 50% 95 95 57 248 170 

Acetone 70% 94 40 56 105 89 

Acetone 90% 70 8 42 20 34 
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Appendix 7 – Solvent recovery energy and material consumption 

Acting as feed into the distillation are the solvent and acidic solution from the alternative 

solvent bath as well as the material removed when drying the filaments. However, the feed 

must be at boiling point, which means that the feed from the solvent bath needs to be heated to 

its boiling point whereas the solvent from drying is already at the desired temperature. 

The calculated distillation for ethanol does not include heating the solvent to its boiling point, 

which therefore has been calculated separately. As the boiling point of the solvent varies 

depending on its purity, two cases have been assumed, a worst case scenario assuming pure 

water (thus lowest purity of solvent), and a best case scenario at solvent boiling point. The feed 

assumes to start at room temperature (20°C). The heating is assumed to be done with the 

convective dryer as used for drying the filaments, which is assumed to have an efficiency of 

0,5. As the difference in energy is minimal between best and worst case scenario, the worst 

case scenario was chosen for the calculation of the production costs. As the production of 12,3 

mg/h in the double flow-focus nozzle is assumed constant throughout the process, the hourly 

flows of solvent are assumed to be continuous and directly related to the production of the 

filament. This results in a material and energy consumption per kg of nanocellulose filaments.  

BCS = Best Case Scenario 

WCS = Worst Case Scenario 

Solvent 

purity 

Energy to heat 

feed to boiling 

point, WCS 

(kWh/h) 

Energy to heat feed to 

boiling point, WCS 

(kWh/kg of 

nanocellulose filaments 

Energy to heat 

feed to boiling 

point, BCS 

(kWh/h) 

Energy to heat feed 

to boiling point, 

BCS (kWh/kg of 

nanocellulose 

filaments) 

Ethanol 30% 0,0008 66 0,00042 34 

Ethanol 50% 0,0010 82 0,00060 49 

Ethanol 70% 0,0014 118 0,00103 84 

Ethanol 90% 0,0036 295 0,00319 260 

 

The calculations of the energy needed for distillation was done by Ola Wallberg at Lund 

University for the acetone case and Jens Wolf at RISE for the ethanol case. Through repeated 

distillation steps, acidic solution separates from the solvent. The solvents are assumed to be 

distilled up to 95,5% purity for ethanol and 98% for acetone. The energy per kg of distilled 

solvent was determined from the external models for both acetone and ethanol and the energy 

is assumed to be linear to the distilled solvent. 
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Solvent 

purity 

Energy per kg of distilled 

solvent (kWh/kg) 

Distillation energy (kWh/kg 

of nanocellulose filament) 

Total distillation + feed 

energy (kWh/kg of 

nanocellulose filament) 

Ethanol 30% 1,97 249 315 

Ethanol 50% 1,92 585 667 

Ethanol 70% 1,92 1409 1527 

Ethanol 90% 1,92 5601 5896 

 

The distillation of acetone already includes the heating of the feed. 

Solvent purity 
Energy per kg of distilled solvent 

(kWh/kg) 

Total distillation + feed energy 

(kWh/kg of nanocellulose filaments) 

Acetone 30% 0,65 83 

Acetone 50% 0,50 151 

Acetone 70% 0,42 311 

Acetone 90% 0,36 1047 

 

The acidic solution is considered lost as it would require further purification to be reused, 

however, no cost is incurred for the acidic solution as it was considered negligible compared 

to the cost of the lost solvent. Thus, only the cost of lost solvent is considered, and a recovery 

rate of 99% has been assumed. The lost solvent is therefore the 1% of the solvent being 

removed from the solvent bath when it bleeds water and acid. 

 

Solvent purity 
Solvent bleeding if water + acid 

bleeds (g/h) 

Lost ethanol (kg/kg of 

nanocellulose filament) 

Ethanol 30% 1,6 1,3 

Ethanol 50% 3,7 3,1 

Ethanol 70% 9,1 7,4 

Ethanol 90% 36,3 29,5 

 

Solvent purity 
Solvent bleeding if water + acid 

bleeds (g/h) 

Lost acetone (kg/kg of 

nanocellulose filaments) 

Acetone 30% 1,6 1,3 

Acetone 50% 3,8 3,1 

Acetone 70% 9,1 7,4 

Acetone 90% 36,3 29,6 
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Appendix 8 – Scenario cost overview 

The total direct OpEx of produced nanocellulose filaments for all scenarios S1-S9 can be found 

below. The cost elements, in terms of material- and energy consumption, have been considered 

when relevant for each process step. 

• The material consumption has been calculated with its material price addressed in 

Appendix 1 and its quantity. 

• The energy consumption has been calculated with the consumed energy multiplied by 

its energy price. 

  

Process steps (S1) (S2) (S3) (S4)  (S5) (S6) (S7) (S8) (S9) 

Cellulose pulp fibres 7,7 7,7 7,7 7,7 7,7 7,7 7,7 7,7 7,7 

TEMPO 0,7 0,7 0,7 0,7 0,7 0,7 0,7 0,7 0,7 

Na3PO4 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 0,3 

NaClO2 0,7 0,7 0,7 0,7 0,7 0,7 0,7 0,7 0,7 

NaClO 0,2 0,2 0,2 0,2 0,2 0,2 0,2 0,2 0,2 

Stirring 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 0,004 

Homogenizer 1,6 1,6 1,6 1,6 1,6 1,6 1,6 1,6 1,6 

Mixing 4,3 4,3 4,3 4,3 4,3 4,3 4,3 4,3 4,3 

Sonication 4,2 4,2 4,2 4,2 4,2 4,2 4,2 4,2 4,2 

Centrifuge 1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1 1,1 

Total pretreatment cost 21 21 21 21 21 21 21 21 21 

Energy cost, double 

flow-focus 2,7 2,7 2,7 2,7 2,7 2,7 2,7 2,7 2,7 

Material cost, acidic bath 22 22 22 22 22 22 22 22 22 

Material cost, drying 0 0 0 0 0 0 0 0 0 

Energy cost, drying 146 95 55 25 137 85 45 17 240 

Energy cost, distillation 157 333 852 2948 41 76 156 523 0 

Material cost, distillation 2,3 5,6 13 53 12 28 67 267 0 

Total direct OpEx 

(SEK/kg) of 

nanocellulose filaments 351 480 966 3072 236 234 313 853 289 
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Appendix 9 – Technical assumptions 

 

Pretreatment process – Chemical and Mechanical modification 

# Technical Assumption Practical implications 

1 The cellulose pulp used in Mittal et al. 

(2018) was purchased from Domsjö 

fabriker, implying that sulphite pulp 

was used. Kraft pulp was used in this 

study, assuming no difference in 

technical performance. 

Kraft pulp would not result in the same 

characteristics as sulphite pulp, but as price for 

sulphite pulp could not be found, kraft pulp was 

used instead. However, kraft pulp tends to be 

slightly more expensive than sulphite pulp, 

which will somewhat decrease the currently 

estimated cost. 

2 Pulp washer after stirring in the 

mechanical pretreatment is excluded 

due to lack of available information. 

Energy and water are needed to perform 

washing of pulp after chemical modification. 

Further investigation is needed to establish the 

needed quantities to perform this step. 

However, this is thought to cause only a small 

increase in price of nanocellulose filaments due 

to the minimal addition of energy and material 

consumption. 

3 No chemical recovery chemical 

pretreatment. 

Chemicals could potentially be reused and save 

production costs if the energy requirements to 

perform the recovery is lower than their 

purchase cost. 

4 Mechanical pretreatment is assumed to 

be performed according to Mittal et al. 

(2018) at lab scale, with equipment for 

industrial scale being chosen according 

to capacity. 

Chosen equipment results in an energy usage, 

which might be somewhat different from the 

actual energy usage depending on the desired 

production scale. It is not expected that 

something else than homogenization should 

contribute significantly to the energy use in the 

mechanical pretreatment indicating that the 

energy need in some of the steps might be 

overestimated.  

5 Linear relationship between used 

capacity of equipment in lab scale and 

energy consumption. 

Non-linear variance in the power requirement 

will result in more variance in energy 

consumption in practice. 

6 Processing times for the equipment 

working in batches were chosen on 

industrial scale are assumed to be as 

presented in Mittal et al. (2018). 

Longer processing times are assumed in this 

study then what might be reasonable at an 

industrial scale. This will result in a decrease in 

energy consumption in practice. 
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Spinning process 

# Technical Assumption Practical implications 

1 The production rate of nanocellulose 

filaments production process is 12,3 

mg/h, which is the current 

technological status of the double-

flow nozzle. 

The production rate of the double-flow nozzle 

needs to be further developed to achieve higher 

production rates or parallelization of nozzles 

needs to be explored further. 

2 The model only considers one spun 

filament per double-flow focusing 

nozzle, and only one nozzle. 

Experiments have shown that any alterations to 

the nozzle with respect to the number of 

filaments, or number of nozzles, will increase the 

water retention rate between filaments non-

linearly to the mass of nanocellulose filaments. 

The model does not consider this phenomenon. 

This will result in more water needing to be dried 

and/or distillate later. Further investigation is 

needed. 

3 The model assumes the use of a bath 

of acidic solution, and an alternative 

second bath with solvent. 

The number of baths and their content might 

vary and need to be taken into consideration for 

further expansion of the model. 

4 Filament is assumed to have the 

lowest possible concentration of 

0,3%, and highest possible of 2% 

throughout the process. 

Whether or not the filament concentration can be 

outside of this interval could not be established 

and would cause the amount of water or solvent 

used to increase or decrease. This might also be 

time dependent, which would require time as an 

additional parameter in the model. 

5 The model considers acid purity and a 

theoretically required amount to reach 

the desired pH = 2 in the first bath.  

In practice, more chemicals might be required to 

reach the desired pH = 2, which would result in 

increased costs. 

6 The concentration of acid in the acidic 

bath is instantaneous and even. 

In practice, the dispersion of acid in the bath 

might take time to be evenly distributed, possibly 

affecting the filament creation. 

7 The acid and deionized water from the 

acidic bath is not recycled since no 

appropriate method was found. No 

material recovery is assumed. 

Further investigation is needed to establish a 

method of recovering the material to substitute 

the cost of lost acid and deionized water with an 

energy cost.  

8 The wasted chemical from the acidic 

bath is not treated before disposal. 

The materials need to be neutralised and treated 

before disposal, which will require additional 

material or energy. Further investigation is 

needed. 
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9 Air-drying is used in the lab-scale, 

which does not consume energy but 

does take time. Therefore, the lab 

scale drying is assumed to be equated 

to the energy cost of using equipment 

to achieve the same result. 

This will ultimately result in an energy 

requirement, which is most likely the case for an 

industrial nanocellulose filament production 

process and is therefore included in the study as 

an electricity consumption. However, in 

practice, this could be done by using steam as 

well. 

10 At the industrial-scale, convective 

dryer efficiency ranges from below 

50% up to 80% (Kemp, 2014). We 

assume the lowest percentage, which 

is 50% efficiency. 

The higher end of energy consumption is 

estimated by assuming 50% efficiency. This 

implies that the practical energy demand will 

most likely be lower than calculated.  This will 

have the largest impact on the DI water case 

where drying is by far the most significant cost.   

11 The drying of the different materials 

in the filaments is assumed to happen 

at the material’s boiling point.  

In practise, the mixture of materials, such as DI 

water, acid and solvent contained in the 

filaments may have different heat characteristics 

and thus behave differently. Further 

investigation is required.  

12 The solvent purity is assumed to affect 

the nanocellulose filaments’ 

concentration, with higher purity 

resulting in higher nanocellulose 

filaments concentration. Therefore, a 

linear relationship is assumed between 

nanocellulose filaments swelling and 

solvent purity to calculate total 

solvent and water mass. 

The calculated mass that needs drying will be 

dependent on this calculation, which might differ 

in practice. Therefore, it will result in a 

difference in energy consumption in practice. 

Further investigation is needed.  

13 The concentration of solvent in the 

solvent bath is instantaneous and 

even. 

The dispersion of the solvent in the solvent bath 

is time dependent in practice, possibly affecting 

the filament performance. 

14 The nanocellulose filament is 

assumed to not have any effect on the 

chosen acid, meaning no basic effect. 

However, the pH is shown to affect 

the nanocellulose filament and its 

mechanical properties, with pH 2 

being the most recent adequate level. 

Further investigation is needed on the acids’ 

interaction with the nanocellulose filament. 

Different acids might react differently in 

practice.  
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Solvent recovery process 

 

# Technical Assumption Practical implications 

1 The feed into from the solvent bath 

into the distillation must be heated to 

boiling point, with boiling point 

assumed between max purity of 

solvent and pure water. 

The boiling point of the solvent will vary 

depending on its purity, however, assuming a 

higher value, the boiling point of water, a worst-

case scenario is calculated. Therefore, the actual 

energy requirement will be lower in practice. 

2 The acid content is neglected in the 

distillation, with only water and 

solvent being considered. 

The removal of acid might affect the distillation 

process requiring alternative or additional process 

steps. However, which steps and to what extent 

could not be established in this study. 

3 Some solvent, acid and water are not 

recovered after distillation and any 

potential treatment before disposal is 

not considered. 

The non-recovered solvent and water might 

require additional treatment before disposal, 

implying a higher material or energy 

consumption. The lost acid and water are not 

considered in the model, which, in practice, will 

imply a minimal increase in price of lost material. 

4 The energy requirements for the 

distillation process have been 

calculated in two separate, external 

models, due to the complexity of the 

calculations. 

As the models are different, they might have 

different margins of errors and could therefore 

provide an inaccurate comparison between the 

energy requirements for the two solvents 

compared. Further investigation is needed.  

5 The used solvent is distilled until its 

maximum purity. 

Last increases in percentage of solvent purity 

demand more energy than initial increase in 

percentage. Therefore, it might be economically 

beneficial to not distil until maximum purity. 

6 The energy requirement is assumed to 

be linear to scale. 

The practical implications might be that there are 

scale advantages to the energy requirement, 

further decreasing the direct OpEx. 
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