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Abstract

The company Swedish Algae Factory (SAF) advertised a master thesis project op-
portunity with the department of Product and Production Development at Chalmers
University of Technology in 2015. This was the initiation of the project recapitu-
lated in the following report. SAF is a small start-up company that was created at
the Chalmers School of Entrepreneurship together with algae researchers from the
University of Gothenburg. The company are still growing their business and look-
ing for potential markets to enter into. The algae that they work with has many
potential value adding uses which allows them to cater to a vast array of customers.

To be able to accommodate the potential customers that they are looking into, an
industrial scale-up of their existing algae cultivation module is imperative. This is
where the development project began. The objective of the project was to develop
a new design of the existing cultivation module that would be able to be scaled into
a cultivation system that could be used in a commercial endeavour. The module
had to use the space and light efficiently, maximise the algal growing area and have
a modular design that allowed for upgrades and large scale usage. The module had
to be safe for both the users and the algae throughout the product’s life cycle.

Simultaneously as the master thesis project was under way, an additional project
together with the municipality of Sotends and the company Rena Hav AB had
been initiated. The project is part of a program called "Sotenas Symbios" that pro-
motes an environmental way of conducting commercial endeavours. Rena Hav AB
are building a pisciculture plant that is completely on land to minimise any pol-
lutants contaminating the surrounding sea water. Rena Hav AB are interested in
implementing an algal based water treatment plant that purifies a portion of the
pollutants generated from the fish tanks. This project was used as a case study to
be able to design the product after real life specifications and dimensions.

The project commenced with a thorough data collection phase resulting in informa-
tion input that was used in the concept generation and selection phases. The final
chosen concept was refined and fully detailed design and dimensioned. The result
of the project is a complete design of an industrial algal cultivation module and
system. The module is a cost effective platform based product that is prepared for
future updates in the form of complete automation as well as control and monitoring
programs.

Keywords: Algae cultivation, Industrial scale, Platform, Pisciculture, Case.
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1

Introduction

The following report is a summation of a master thesis project that was conducted at
Chalmers University of Technology in accordance with the company Swedish Algae
Factory (SAF). The focus of the project was to put forth a design for an industrial
scale algae cultivation plant. The project covered all parts of the product devel-
opment process from concept, detailed design, cost analysis and implementation
strategy.

1.1 Background

1.1.1 Swedish Algae Factory

The company Swedish Algae Factory (SAF) is a small “start-up” that was generated
from the Venture Technology programme at Chalmers School of Entrepreneurship
in 2013. Researchers at the department of Biological and Environmental Sciences
at Gothenburg’s University found an algae deep in the polar ice caps during an
expedition. They then brought this algae to Chalmers and introduced it to the
Venture Technology programme to initiate a commercially viable opportunity. SAF
was then created and led by the CEO Sofie Allert along with a board of directors
and industry advisors.

In 2014, SAF developed a cultivation system and module that mimics the natural
environment that the algae were exposed to in nature before discovery. Until re-
cently they were testing this system in a project with wastewater from Renova, the
primary waste management company active in the western parts of Sweden. They
are currently researching different potential customers and uses for the algae and
system. SAF are aiming to commercialise their product and introduce it into the
industrial market in the near future. [18] Therefore, they are interested in looking
into optimising the system to be suitable for a mass algae production plant.

1.1.2 A Breif Diatom Algae Theory

The algae that SAF work with is a type of diatom algae which are in turn a type of
siliceous microalgae. Contrary to how many macroalgae are cultivated, these types
of algae do not grow in suspension but instead colonise on surfaces in what is called
a biofilm. These diatoms use a gravitational pull to sediment on a surface and grow
exponentially by cloning themselves [8]. The algae, grows extremely well in low
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temperatures with little access to light which makes it ideal for the Nordic climate.
Compared to other energy crop algae, this algae is much more efficient as it grows a
total of 22 hours per day while others grow around 16 hours per day. This shortens
the cultivation period drastically. The algae feed on three natural substances; phos-
phorus, nitrogen and carbon dioxide. All of these matters can be found in common
wastewater plants, therefore this is an optimal growing environment for the algae.
As the algae grows it depletes the water from of these waste materials, which simul-
taneously cleans the water. Once the algae are fully grown, it can be harvested to
create biomass that can be converted into biofuel, among other things. [10]

1.1.3 Rena Hav AB

In the summer of 2015, SAF entered into a project together with the company
Rena Hav AB and the municipality of Sotenés in Sweden. The project is part of a
program called “Sotends Symbios” that was started by the municipality of Sotenés
to bring companies and interested parties together to create a “no-waste” industry.
The idea is that the waste generated from one commercial company can be used by
another company to create value products. Rena Hav AB are working on building a
pisciculture plant that has zero pollutant emissions. To achieve this they are building
an entire fish farm on land and working with a set of denitrification processes to
purify the water that has been in the fish tanks before they let it out in the sea
again. The algae system design in this project is deemed to be part of the water
purification process. This project was used as a case study for this master thesis
project. The full case description can be reviewed in chapter 2.

1.2 Purpose of project

The purpose of the master thesis project is to further develop and optimise the
company’s existing algae growing module and cultivation process so that it can be
implemented into an industrial algae growing plant. The project will enable SAF to
evaluate the way in which an industrial scale-up will affect their business and what
steps are necessary to achieve their goal of commercialisation. The project can be
denoted as a “platform or next-generation project” as it entails an entire redesign
for a system to be created that supports future upgrades. These types of projects
often offer companies a competitive advantage as the outcome has a longer life span
than a single product [23].

1.3 Research driving questions

As this is a product development project and not a purely experimental and inves-
tigative project there was no hypothesis to be tested in the classic sense. However, a
set of driving issues was identified that encapsulated the uncertainties of the project
that were to be resolved. They are as follows:
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o How can the existing modules be redesigned to work on a larger scale?

o What additional features are imperative to the scale up (monitoring system,
nutrient feeding etc..)?

o How can a harvesting system be implemented that allows for regrowth and as
little disturbance to the growing cycle as possible?

o What is the optimal layout of modules in a cultivation plant that utilises
resources as efficiently as possible?

o How can the new design of module be cost efficiently produced to be sold to
potential customers?

1.4 Project Scope

The goal of the project is to provide SAF with a design that can be used as a
foundation for their industrial ramp-up plan for their product. The design entails
both the cultivation module and layout of industrial cultivation plant.

1.4.1 Objectives

The following objectives were formulated as to fulfil the final goal.

o Increased efficiency of algae growing space and light utilisation

o Increased modularity in the design of the cultivation system to allow for in-
dustrial ramp-up

o Design to keep the algae in the exponential growth phase despite harvest

« Platform based design to allow for gradual upgrades

e Design of how to implement automated harvesting system

o Manufacturing plan with a cost analysis of all parts

o Materials and designs that are cost effective

1.4.2 Deliverables

The following deliverables were provided to the company by the completion of the
project:

e Design and drawings of algae cultivation module

e Design and drawings of algae cultivation plant

o Cost analysis

o Manufacturing plan

1.4.3 Limitations

Initial limitations were set to make the project tangible for all parties involved.
The limitations set are in accordance with the desired improvements to the existing
module that have been presented by the research team at SAF and the company’s
plans on industrialisation in the near future. Certain delimitations were set due to
the project being conducted by a single master thesis student and therefore time
constraints were taken into account. Some delimitations were set due to the fact
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that previous work was done on the subject and thus it was not to be investigated
further. The limitations listed below were used as a framework for the project.

The following aspects were handled in the project:
o Redesign of the existing algae growth module to be able to be implemented
for an industrial scale cultivation plant

A concept design of a harvesting system

A proposed design of future upgrades

Proposed layout and implementation of an industrial scale cultivation plant
A cost analysis of both the redesign of the module and cultivation plant
Design that keeps the algae in an exponential growing phase

The following aspects were not part of the project:

toring system

A complete automatisation of the harvest system, nutrient control and moni-

e Design for implementation of modules for private non commercial use
o Market analysis of algae growing plants

o In-depth optimal algae growth condition investigation

o Complete green-house design

1.5 Mission Statement

The mission statement below was formulated to summate the key aspects of the
project and how it fits into the company strategy.

Table 1.1: Mission Statement

Product Description

Algae cultivation system that promotes fast regeneration of algae to ensure an even water purification.

Benefit Proposition

Modular design with high level of flexibility for the customer
Purifies water while generating biomass that can be used for several value products

Key Business Goals

Rena Hav AB project completion
First commercial order
Achieve economy of scale

Primary Market

Biomass production sector

Secondary Market

Silicon production plants

Assumptions and Constraints

Platform design

Modular design

Upgrades such as fully automated harvesting system and monitoring/control to be designed at a later date
Use of as many standardised parts to keep costs down

A level of manual handling in the form of cleaning, harvest collection and water regulation

Stakeholders

Swedish Algae Factory
Rena Hav AB
Manufacturers

Service operators

By request of SAF, the following has been excluded from the report:

Specific designs used in the experiment and subsequent results
The cost analysis

The type of algae

Any algal production rates

Ezact drawings of the designs
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Case Description

The master thesis project is centred on a project that SAF are participating in that
will be in practice in the beginning of 2017. The project, named “Sotenas Symbios”,
is in association with the company Rena Hav AB and Sotends Municipality. The
purpose of the project is for companies with industrial interests on the subject to
come together and work in a circular economical fashion to both create profit and
participate in the creation of a sustainable future. Rena Hav AB are building a pis-
ciculture plant with zero waste being unused. Their business plan entails breeding
fish for commercial purposes in onshore tanks and then reusing the waste created
by both the fish and process in other applications such as biofuels and food for the
fish.

Swedish Algae Factory’s part in the project is to assist in the purification of the wa-
ter from the fish tanks. The water that comes directly from the fish tanks contains
high levels of nitrogen, phosphorus and carbon dioxide, which creates ideal growing
conditions for algae. The algae will deplete the water of these nutrients and create
biomass that can be used for biofuel, fish feed and silicon. The algae growing plant
will be constructed on the roof of the pisciculture building on an area of 3000 m?.

Silicon
Fizh feed

Biafusl

Figure 2.1: Illustration of the pisciculture case project.

The water will flow from the fish tanks into a particle seperator, then the algae plant
and then into a series of denitrification processes to ensure that all nutrients that
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are harmful to the fish are removed before going back into the fish tanks or into the
ocean. Those algae will not be able to handle the entire amount of nitrogen and
phosphorus in the wastewater, but the amount taken up by the algae will minimise
the use of alternative non-sustainable purification processes.

The figures provided by Rena Hav AB were used as customer specifications that
the design was built on in order to facilitate the theoretical foundation of a scale-up
design.

o Area: 3000 [m?]

o Water: 1500 [m?/day)]

« Nitrogen concentration in water: 65 [mg/L]

« Phosphorus concentration in water: 7 [mg/L]
« Roof dimensions: 41 x 75 [m]

o Keep weight as low as possible

» Keep height around 2 [m)]

o Keep steady rate of nutrient depletion
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Methodology

The project was divided into three stages; concept generation, concept selection and
a final detail design. Each stage involved several methods used to systematically
examine, define and propel the project forward.

3.1 General Development Approach

The approach to the development process was heavily influenced by the type of
product that was to be designed. As the project is centred on a platform type
product that is part of a larger system with several subsystems, the development
process was modelled after the "complex development process'. In this type of
development process the system level design phase plays a big part. This is where the
system is broken down into smaller subsystems that are to be designed independently
while taking into account the design choices of the other subsystems. The "complex
development process" used in this project was laid forth by Karl Ulrich and Steven
Eppinger. [21]

The project development process flow chart along with all the according development
methods can be seen in Figure 3.1.

3.2 Methods used for Concept Generation

In the concept generation phase the project goes from a raw data input to a wide
range of concept solutions. The methods can be categorised into three different
categories; data collection, idea generation and concept synthesis. Once the concept
generation phase is completed a large amount of potential concepts are ready to be
evaluated.

3.2.1 Data Collection Methods

METHOD: LITERATURE STUDY

PURPOSE: COLLECT EXISTING INFORMATION ON ALL PARTS OF THE PROJECT
DESIRED RESULT: (GREATER UNDERSTANDING OF SUBJECT MATTER AND INVES-
TIGATION OF THE LEVEL OF UNCERTAINTIES IN THE PROJECT

A thorough study of peer reviewed scientific journal articles, trade journals and
published reference material was conducted at the initiation of the project. The
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information gathered was used as an evidence base for either strengthening the need
statements as well as filling in knowledge gaps. As algae are a relatively unknown
product to the master thesis student, a great deal of information on the growth
cycles and conditions was gathered. The literature search was done on databases
that are available to Chalmers students through the library server in addition to
Google Scholar.

The main areas of study were
o Algae growth conditions and cycle
o Material properties
o Cultivation plant layout planning
o Production process planning

METHOD: CASE DESCRIPTION
PURPOSE: MODEL CONCEPT WITH REAL LIFE INPUT AND DIMENSIONS
DESIRED RESULT: OUTLINE OF PRODUCT USE AND DIMENSIONING INPUT

A case study as part of the master thesis was developed as SAF became more in-
volved with the Sotends Symbios project during the beginning of the master thesis
project. The case study methodology is common for applied disciplines and is often
used for both building and testing a research theory to facilitate knowledge creation
[11]. The use of a case study allows for a closer investigation of complex details
on an isolated series of events. Placing theoretical research into a real life situation
can increase the strength of the teachings through applied use [20]. The Sotenés
Symbios project enabled design choices to be made with appropriate industrial scale
dimensions and applications.

The complete case description can be found in Chapter 2 of this report.

METHOD: STAKEHOLDER INTERVIEWS

PURPOSE: GATHER PERTINENT INFORMATION ABOUT THE EXISTING PRODUCT,
ALGAE GROWTH CYCLES AND THE NEEDS OF THE CUSTOMER

DESIRED RESULT: A DOCUMENTATION OF INTERVIEW STATEMENTS THAT CAN
BE USED FOR TARGET PRODUCT SPECIFICATIONS

The problem is defined by the stakeholders of the project, which lays the founda-
tion for a concept that solves said problem. The people that were interviewed were
employed by or had an association with SAF. The interviews were semi-structured,
which entailed that a list of topics with open-ended questions were prepared before
the interviews to make sure that no information was neglected [22]. The questions
were formulated as such to allow for the interviewee to offer new information that
was unbeknown to the interviewer. However, each question posed aimed to have a
purpose and possible hypothesis of the answer [9]. All interviews were conducted
individually so that other parties would not influence the answers.

The structure of the interview followed a process of introduction, warm-up, main
interview, cool down and closure. The introduction consisted of the interviewer pro-
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viding information of why the interview was held and a short recap of the project.
The warm-up had unobtrusive questions about the interviewee and their interest in
the project. This was then followed by the full interview, were the bulk of the infor-
mation gathering took place. Finally a cool-off posed more summarising questions
followed by a short closure. [16]

The audio from the interviews was recorded and transcribed to create a documen-
tation of the interview in order to trace the future decisions back to the initial
information gathering. These transcripts were also used as the foundation for the
customer need analysis, which will be discussed in a later section.

The interview subjects were:

o Sofie Allert - CEO of SAF
o Mikael Hedblom - Algae researcher at SAF
o Justin Pearce - Process engineer at SAF

The transcripts of the interviews have been excluded from the report by request of
the company.

METHOD: OBSERVATION OF EXISTING PRODUCT AND FUTURE INDUSTRIALISA-
TION SITE

PURPOSE: UNDERSTAND HOW THE EXISTING PROCESS IS DESIGNED AND HOW
THIS PROCESS IS TO BE IMPLEMENTED AT THE INDUSTRIAL SITE

DESIRED RESULT: FOUNDATION FOR TARGET PRODUCT SPECIFICATIONS

At the initiation of the master thesis project, the existing algae cultivation module
was in use in a test environment at the Gothenburg University Botanical Garden
campus. The existing module was placed in a small greenhouse in a courtyard strate-
gically placed to maximise the use of natural light. The first preliminary objective
of the visits was to understand how the algae grow and how SAF had simulated an
optimal growing condition on a lab-scale. The visits were of the unstructured kind
of observation, by simply viewing the module and understanding how the process
worked.

The visits to the industrial test site in Sotends were more like the interview process,
semi-structured. Certain aspects that were pertinent to the purpose of the project
were observed in more detail and documented after a list of prepared topics [22].
The existing algae cultivation module is at the present date scheduled to be moved
into a larger greenhouse outside of the industrial test site. The system is to be
connected directly after the test fish tank and a set of denitrification stages. This
visit allowed for insight on the way in which the product will be utilised along with
an opportunity to pose direct questions on the how the algae system affects the
remainder of the fish farm.

Illustrations of the existing module can be found in Figure 4.1.
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METHOD: CUSTOMER DATA TEMPLATE
PURPOSE: INTERPRETATION OF CUSTOMER NEEDS
DESIRED RESULT: CUSTOMER NEEDS LIST

After the aforementioned data gathering techniques were completed, the statements
made were translated into customer needs that could be quantifiably measured. This
was done by using a customer data template. The result of this method is a list of
critical need statements that was used as references when considering what areas of
research to look into and design parameters. This list also served as inputs into the
product specification list. An example of such a template can be seen in the table
below.

Table 3.1: Customer data template

Interviewee: Subject A Interviewee’s statement
Interviewer: Master thesis student Type of stakeholder: Researcher
Question posed: Statement made: Interpreted need:

Interviewer’s question Interviewee’s statement | Interpretation of statement
Interviewer’s question Interviewee’s statement | Interpretation of statement

The interpreted needs from the statements were translated and assessed through a
set of criteria as follows.

e The needs must be definitive and expressed as to what the product “will” fulfil
and not “might”.

e The needs must be compliant to the “raw data” to not lose any information.

o The needs must be positively expressed, denoting what the product will do,
not what it won’t do.

o The needs must be formulated as attributes of the product as much as possible.

e The needs statement should not include the words “must” or “should” for the
statement to be as robust as possible.

[21]

By following these guidelines, the interpreted customer needs should be able to be
used as inputs into the development phase of the project. These types of data tem-
plates often have hundreds of statements and the ranking process is necessary to
narrow down the list into “primary need statements”. This is mostly relevant when
this type of data gathering process is conducted on a wide array of customers and
end-users of a product. In this case, the data gathered was from primary stakehold-
ers in the company and case study and therefore the list of needs is not as extensive
as in common practice. However, a ranking process of the generated needs was
conducted nonetheless. This process entailed the following steps:

e Step one: Print each need on a separate piece of paper.
e Step two: Eliminate any redundant statements.

11
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o Step three: Organise the statements into categories with appropriate labels.

o Step four: Create “super groups” that include several categories.

e Step five: Rank the statements in each group after critical importance as
relayed by the frequency of the statement or the implication of importance to
the customer.

[21]

The complete customer needs list can be found in Table 4.1 and customer needs
statements can be found in Figures A.1 and A.2 in the Appendiz.

METHOD: FUNCTION STRUCTURE ANALYSIS

PURPOSE: BREAK DOWN THE FUNCTION OF THE PRODUCT

DESIRED RESULT: UNDERSTANDING OF THE INPUTS AND OUTPUTS OF THE PROD-
ucCT

A system can be seen as a series of processes that handles inputs and turn them
into outputs. A function structure analysis looks at all the inputs of the system,
all the desired outputs and what steps are necessary to go from one to the other.
The system boundary is depicted by a “black box” with the inputs on the left side
and the outputs on the right. Inside the box is a depiction of all sub-functions of
the system that transform the inputs to outputs. This method is used to visualise
the inside of the system and break down all the functions of the structure. The
sub-functions have a very basic annotation of the their function consisting of simply
a noun and a verb to not limit the possibilities of development of the function. [14]

The function structure analysis of the system can be found in Figure 4.2.

METHOD: PRELIMINARY LIST OF TARGET PRODUCT SPECIFICATION
PURPOSE: SET DESIGN TARGET PARAMETERS
DESIRED RESULT: DESIGN SPECIFICATIONS WITH VALUES AND METRICS

The definition of a product specification is the combination of a metric and a value.
It is these product specifications that are used as objective inputs into the concept
development phase. Karl Ulrich and Steven Eppinger like to denote these specifi-
cations as “target specifications” for at this point in the process it is impossible to
know the exact figures that the product will have. To create a set of target specifi-
cations, the need statements created earlier were reflected upon and interpreted to
statements that fulfil the needs. This is called a product “metric”. Once the metrics
were created, they were assigned a measurable value that was deemed to be possible
to fulfil the initial need. [21]

This preliminary list was constantly updated and edited throughout the project re-
sulting in a final product specification.

The target product specifications can be found in Table 4.2.
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METHOD: COMPETITOR BENCHMARKING ANALYSIS

PURPOSE: GATHER INFORMATION ON EXISTING PRODUCTS

DESIRED RESULT: INSPIRATION FROM EXISTING PRODUCTS AND MARKET POSI-
TIONING

When launching a new product on the market it is imperative to assess where the
product will position in the market. A benchmarking analysis is used to compare
similar or existing product’s performance to each other either on the basis of certain
metrics or perceived fulfillment of the customer needs. The benchmarking compar-
ison is conducted in a matrix format with the different products in the columns
and the assessing parameters in the rows. The output of the method allows the
developer to understand what part of the market the developed product will take
and possibly gain some inspiration on how others have solved the same problem. [21]

The benchmarking analysis can be found in Table 4.3.

3.2.2 Methods Enabling Idea Generation

METHOD: FUNCTION-MEANS TREE

PURPOSE: BREAK DOWN THE ENTIRE SYSTEM INTO MANAGEABLE PARTS AND
FIND MEANS TO SOLVE THE FUNCTION

DESIRED RESULT: FUNCTION ANALYSIS OF ALL SUBSYSTEMS

The purpose of the function analysis was to break down the main function into
several sub-functions, which facilitated the idea generation process, as it is easier
to generate a solution for a single function instead of an entire system of functions.
A function-means tree is a system of functions and according means organised in
hierarchical levels starting with the main function at the top. With each descending
level of the hierarchy, the level of functions are broken down into more and more
detailed parts until the entire system has been handled. The means to a function
entails a solution that executes the function. A function can have several defined
means with their own descending function, thus the resulting tree can become very
large with many branches. [5]

The complete functions-means tree can be found as Figure A.3 in the Appendiz.

METHOD: BRAINSTORMING
PURPOSE: IDEA GENERATION
DESIRED RESULT: SEVERAL POTENTIAL CONCEPT SUB-SOLUTIONS

Once all sub-functions and means were identified, it was time to generate creative
solutions to each of them. This was achieved by brainstorming sessions assisted by
sketches and notes. All ideas were considered, however outrageous, to allow for a free
flow of ideas that could in a later stage be edited and reconsidered. Brainstorming
sessions were intensive and kept to a period of 20 minutes when as many concepts
as possible were generated. This is called a “mind-dump”. Many small sketches
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were created for each idea on the same page so that they could be looked at side by
side later on and to keep the process as organised as possible. By intensifying the
process, critical thinking was eliminated as there was no time for it. [13]

Sketches and notes from the brainstorming sessions can be seen in Figure 4.4.

3.2.3 Systematic Concept Synthesis Methods

METHOD: MORPHOLOGICAL MATRIX
PURPOSE: CONCEPT SYNTHESIS
DESIRED RESULT: SEVERAL COMPLETE CONCEPT SOLUTIONS

As the brainstorming sessions drew to a close, appropriate organisation of the gen-
erated ideas had to be carried out. A morphological matrix was created to both
visually organise the sub-function solutions and to create complete concepts out of
said different sub-function solutions. A matrix was constructed with rows of sub-
functions with their corresponding generated ideas. When the matrix was filled in,
concepts were created by combining a solution from each row, which ultimately con-
jured up a set of different concepts that fulfilled the main function that was stated
in the function-means tree. [24]

The morphological matriz can be found in Figure A.4 in the Appendiz.

METHOD: REVISED MORPHOLOGICAL COMBINATION MATRIX

PURPOSE: ORGANISE THE COMPLETE CONCEPT SOLUTIONS FROM THE MORPHO-
LOGICAL MATRIX

DESIRED RESULT: CLEAR VISUALISATION OF GENERATED CONCEPTS

Upon the completion of combining the different sub-solutions in the morphologi-
cal matrix a great deal of complete concept solutions were created. The common
practice entails drawing lines between different sub-solutions. The finished product
becomes very messy and the different parts of the complete solution become hard
to read and differentiate. Instead of doing this, the same morphological matrix
template was used and then one by one concept combinations were copied into the
columns of the new matrix. The rows remained the same, so the result became a
column depicting an entire solution that is easy to read. This method is original to
this project and was, to the knowledge of the master thesis student, created by the
master thesis student.

The morphological concept combination matriz can be found in Figure A.5 in the
Appendiz.

3.3 Concept Assessment and Selection

After the concept generation phase it is imperative to sift through the large amount
possible solutions in a systematic way. The methods used were either used for indi-
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vidual reflection and elimination or for group feedback.

METHOD: ELIMINATION MATRIX
PURPOSE: SYSTEMATIC CONCEPT ELIMINATION
DESIRED RESULT: ELIMINATE THE UNSUCCESSFUL CONCEPT SOLUTIONS

An elimination matrix helped to narrow down the amount of feasible concepts. The
matrix compared each concept in their turn to a set of criteria (commonly the group-
ings in the product specification list). If the concept fulfilled the criteria, the concept
received a “+7 in that category of the matrix. If it did not fulfil the requirement,
it received a “-*“. Certain specific criteria fulfilments of a concept was difficult to
estimate due to lack of information, in these cases the concept was given a “?” in
that category. At the end of each comparative turn, the pluses and minuses were
added up and a general score for the entire concept was given. Upon completion,
each concept had received a score that allowed for a ranking of the concepts. This
allowed for the elimination of concepts with very low scores. [14]

This elimination step was conducted individually by the master thesis student to
“weed out” the concepts that were not plausible before including other parties.

The elimination matriz can be found in Table 4.4.

METHOD: PUGH MATRIX

PURPOSE: CONCEPT SCREENING

DESIRED RESULT: ELIMINATE THE UNSUCCESSFUL CONCEPT SOLUTIONS WITH
INPUT FROM STAKEHOLDERS

After a preliminary concept screening was done by the master thesis student alone,
a second round of concept screening was executed. A group of stakeholders were
gathered to conduct a session of concept screening with the help of a Pugh matrix.
A Pugh matrix is an elimination method that compares concepts to each other.
The ultimate goal was to find the dominant concept from a group of concepts. The
process is done in several iterations of appointing one concept as a reference to
which the remaining concepts are compared to in different categories, just as with
the elimination matrix. A concept received a “+” if it was deemed that the concept
performs better than the reference in a certain category, a “0” if they were equal
and a “-“ if the concept performed worse. The optimal result was the one concept
that out performed the rest that was then moved into the next stage of developing
the concept with a detailed design. [15]

The Pugh matriz can be found in Figure A.6 in the Appendiz.

3.4 Detail Design Approaches

When moving into the detail design phase a concept had been selected and ready
to be detailed. During this phase the concept was visualised, dimensioned and val-
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idated. Continuous refinements were made to the concept in accordance with the
results of the development methods.

METHOD: 3D MODELING SOFTWARE (CATIA)
PURPOSE: DESIGN VISUALISATION
DESIRED RESULT: 3D MODEL OF CONCEPT WITH EXACT MEASUREMENTS

The selected concept moved into the next stage of development that involved a high
level of detailed design. Each sub-function and corresponding components were fully
designed to work with the other sub-functions. This was achieved by critically con-
sidering the final dimensions and applications of the entire system. This work was
conducted by implementing the product specifications and additional acquired infor-
mation into sketches that were in turn worked into digital 3D model representations.
The software that was used was CATIA from the company Dassault Systemes as
this software allows for high levels accuracy and is offered free of charge to Chalmers
students. The goal of the detail design phase was to have a complete system fully
designed and scaled ready for manufacturing.

The sketches and models can be seen in Chapter 4.

METHOD: DESIGN EXPERIMENT/PROTOTYPE
PURPOSE: SIMULATE AND TEST DESIGN THEORIES
DESIRED RESULT: VALIDATION OF THEORIES AND INPUT ON FINAL DESIGN

Due to the large amount of different factors and the high level of uncertainty of the
project, a design experiment or prototype was developed. Prototyping is a technical
problem-solving tool that allows designers to physically touch and examine their
design choices in the real life. This practice is key in the build-test cycle of the
product development process [23]. The prototype in this project was also in a de-
sign experiment that tested two different kinds of algae regeneration designs along
with a simulation of the automated harvesting system. A design experiment created
the opportunity to discover the best design choice by trying it out and documenting
the effects that it had on the algae. The design of the experiment, despite actu-
ally testing two different things (regeneration design and harvesting technique), can
be denoted as a one-factor-at-a-time experiment [6]. This is because all the param-
eters of the experiment were held constant and the only the design of subject varied.

A recount of the experiment can be found in Chapter 5.

METHOD: MATERIAL PROPERTIES INVESTIGATION

PURPOSE: DIMENSION ACCORDING TO ACCURATE MATERIAL CAPABILITIES
DESIRED RESULT: DECISION ON DESIGN MATERIALS

A materials properties investigation was conducted with the aid of the computer

program CES Edupack that was accessed through the computers at Chalmers. The
program enabled an investigation into what the appropriate materials to be used
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for the product were. The program allows the user to enter limitations or product
needs such as transparency or UV resistance.

In addition to the material study, non-structured interviews and feedback with pro-
fessionals was conducted to get more project specific information. The professionals
that were sought out were those with specific knowledge such as material manufac-
turers and retailers. The information gathered was used to dimension the product
and form the product specification.

The materials chosen can reviewed in Chapter 5 and the final product specification
can be found in Figure A.7 in the Appendiz.

METHOD: FAILURE MODE AND EFFECTS ANALYSIS (FMEA)

PURPOSE: RISK ANALYSIS

DESIRED RESULT: REDUCED RISK OF FAILURES DUE TO APPROPRIATE PREVEN-
TATIVE MEASURES TAKEN

A Failure Mode and Effects Analysis (FMEA) is a common practice in risk analysis.
The method is used to examine each part of the system to pinpoint possible failures
that could have grave consequences in the future upon construction. The method
is qualitative as the consequences are purely speculative. The designer conceives a
possible failure, cause of failure and the effect it has on the system. After that, the
occurrence, the severity and the detectability of the failure are each given a rank-
ing on a scale of 1-10, that are then multiplied to create a quantitative assessment
of the failure called the Risk Priority Number (RPN). A failure corrective action
is then identified and assessed on how the action would impact said possible fail-
ure by reassessing the occurrence, severity and detectability of the failure once the
corrective action has been taken. This creates a new reassessed RPN that can be
ranked. [6] The FMEA was created by the master thesis student and then checked
and approved by an associate at SAF.

The FMEA can be found in Figures A.8 and A.9 in the Appendizx.

METHOD: QUALITY FUNCTION DEPLOYMENT (QFD)

PURPOSE: QUALITY ASSURANCE OF DESIGN CHOICES

DESIRED RESULT: VALIDATION OF QUALITY OF DESIGN AND INTERACTION BE-
TWEEN PARTS

Quality function deployment (QFD) is a structured method developed in the Kobe
shipyard by Mitsubishi to assess how the most important customer needs affect spe-
cific design parameters. The method utilises a tool called the “house of quality”
that structures the relationships in a matrix format. The name is derived from
the house-like shape that the matrix forms with the interrelationship matrix, which
resembles a roof. The customer specifications are each weighted to depict how im-
portant each attribute is to the customer. Then each specification’s impact on the
design parameter is assessed and is scored. Subsequently, each design parameter’s
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impact of the other design parameters is also judged in the interrelationship matrix.
[23]

The QFD matriz can be found in Figure 4.14.

METHOD: PRODUCT COST BREAKDOWN
PURPOSE: COST ESTIMATION OF FINAL PRODUCT
DESIRED RESULT: AN ESTIMATION OF THE PRELIMINARY COSTS UPON RAMP-UP

In an effort to keep the production costs at a minimum, the design of the final
product was founded on common standardised building parts found at mass pro-
duction steel manufacturers and vendors. This allowed for SAF to purchase parts
at an economy of scale and then work with machining to customise parts to fit the
product specification. By achieving an economy of scale in the production, the costs
per product unit decreases and often the quality increases [21]. The cost estimation
was achieved by gathering price quotes from appropriate vendors and calculating the
sum of producing a single module and an entire cultivation plant (the cost estimate
for the pisciculture project).

The full cost breakdown has been excluded from the report by request of SAF. How-
ever, the results of the cost estimation can be reviewed in Chapter 4.
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Results

The following chapter contains the results of the methods used, that were explained
in the previous chapter, from data collection to the final concept design.

4.1 Results Gathered from the Data Collection
Methods

The data collected in the pre-study of the project served as information input into
the development methods. The results of the research are presented here below.

4.1.1 SAF’s Existing Product Description

The existing cultivation module was constructed in 2015 as a “one-oftf” product for
the company to be able to cultivate algae for test purposes. The module consisted
of five 1100 x 800 x 100 mm trays with water circulation outlets in the bottom of
the trays leading to the tray underneath. A water container was allocated at the
bottom of the module with a pump that moved the water from the container to
the top tray. The module was placed in a small greenhouse in a courtyard at the
Botanical Garden facility. During the harvest process, the pump was turned off
and trays were drained. The trays were then scraped to remove the biomass and
collected for analysis. Depictions of the module can be seen in Figure 4.1 below.
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Figure 4.1: Illustration of the existing cultivation module.
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4.1.2 Understanding the Function of the Product

The function analysis shown in the figure below depicts the inputs and outputs of
the system along with the internal sub functions that transform them.

Dirty Water —_—)

Grow
biomass

| N “Clean” Water
» Deplete of »
nutrients _l

v

Algae Inoculant

Harvest

biomass -1 Blteintss

Add light Water flow Automatic
through system harvesting system

Figure 4.2: Functional analysis of product.

The analysis shows the inputs as waste water and algae inoculation which ultimately
become the outputs, biomass and “clean”* water. Through the process of growing
the biomass, the water depletes of nutrients which becomes the output of “clean”
water. After extracting the output of “clean” water the process moves on to a har-
vest process which then becomes the output of biomass.

*The water can not be quaranteed to be clean, in this annotation it is interpreted as
cleaner or depleted of nitrate, ammonia, phosphorus and certain trace metals.

4.1.3 Identified Customer Needs and Target Specifications

The customer needs depicted in Table 4.1 below are based off of the customer needs
statements from the interviews (these can be found in Figures A.1 and A.2 in the
Appendix) and additional information gathered.
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Table 4.1: Customer Needs List

No Need Weight | Owner

1 The module | promotes fast growth 5 SAF

2 The module | is easy to use 5 SAF

3 The module | maximises the use of natural light 5 SAF

4 The module | is easy to clean 4 SAF

5 The module | keeps a stable temperature 4 SAF

6 The module | keeps a steady water flow 4 SAF

7 The module | fulfils the maximum height requirement 3 Rena Hav AB

8 The module | fulfils the maximum weight requirement 3 Rena Hav AB

9 The module | can be used to promote the company 3 SAF

10 The module | is cost efficient 3 SAF

11 The module | is enabled for an automatic harvest 3 SAF

12 The module | fits in a 40ft shipping container 3 SAF

13 The module | allows for upgrades 3 SAF

14 The module | allows for manual handling 3 SAF

15 The module | has a modular design 2 SAF and Rena Hav AB
16 The module | handles a specified amount of water per day | 2 SAF and Rena Hav AB
17 | The module | uses the space efficiently 2 Rena Hav AB

18 The module | continuously purifies water of pollutants 1 Rena Hav AB

19 | The module | continuously purifies water of N 1 Rena Hav AB

Based off of the customer needs and both the project and case descriptions, prelim-
inary target specifications were put together. These specifications can be seen in
table 4.2 below. They served as the base on which the concept generation was built
and aimed to fulfil. This list was continuously updated as the development project
advanced to ultimately become the final product specifications that can be seen in
Figure A.7 in the Appendix.

Table 4.2: Target Product Specification

Metric No. | Need No. | Metric Imp. | Marginal Value | Ideal Value | Unit

1 2,4 Ease of use 5 4 5 subj.

2 10 Cost efficient 3 <10 5 MSEK

3 1 Promotes fast growth 5 - - g/m”2/day
4 10,11 Automatic harvest energy output 3 450 250 kW

5 15 Modular design 2 4 5 subj.

6 18 Continuous water purification - P 1 - - mg/L

7 19 Continuous water purification - N 1 - - mg/L

8 3 Maximises natural light 5 2 4 subj.

9 12 Fits in 40ft shipping container 3 <12x2 <11,8x2 m

10 13,148 Strength of structure 3 250 400 MPa

11 16,17,6 Handles specified amount of water per day | 2 >500 1500 m”3/day
12 7 Maximum height requirement 4 3 2 m

13 8 Maximum weight requirement 3 700 300 kg/m™2
14 14,4 Area around module 3 1 0,7 m

15 17 Space utilisation 2 <3075 2900 m” 2

16 5 Temperature 4 10 13 °C

17 6 Water flow rate 4 0,2 0,4 L/s

18 10 Product life 4 4 10 Years

19 9 Instills pride 3 3 5 subj

4.1.4 Assessment of the Final Product’s Place in the Market

The research study on existing algal cultivation systems established that there are
two main methods of cultivating algae, open pond and photobioreactors. Open pond
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systems entail large shallow ponds built on a large flat surface. The ponds are often
extremely large and thereby commonly referred to as “raceways” A mechanical
circulation mechanism is frequently implemented to keep the algae in motion. [3]
The company Sapphire Energy is building the first commercial demonstration open
pond algae farm that is intended to be fully completed in 2017. At full capacity
the farm will produce 1600 tonnes biomass per year to be used for either biofuels or
nutrients for the algae. [17]

A photobioreactor is a closed system growing method that cultivates algae in trans-
parent containers, often in the form of tubes, panels or plastic bags. The algae is
grown in suspension with a constant water pressure that circulates the algae. The
closed system minimises the risk of contamination and allows to carefully control
parameters such as the nutrient supply. [4]

An example of such a production method is the one used by the Swedish company
Simris Alg AB. They cultivate algae in long glass tubular photobioreactors that they
then manufacture health products with. [19]

As the specific algae that SAF work with grows in a biofilm that attaches to surfaces
in a shallow body of water, none of the existing commercial cultivation systems
were applicable as they both cater to algae that grow in suspension. Due to this,
a benchmarking analysis comparing industrial algae cultivation solutions was made
difficult. However, one potential future competitor was found, the ALGADISK
project currently being developed in Spain. The project is still in the development
phase and according to their latest update on their website, they built a prototype
on an industrial scale in 2015. The purpose of the project is to find an industrial
algae biolfilm cultivation system to compete with open ponds and photobioreactors.
Very much like SAF’s development project. Their product entails disks on which
the biofilm is formed that rotate in a semi shaded water tank.[2]

As the project has not been commercialised, complete specific information on their
product was not able to be found only the general idea of the product has been
published. A benchmarking analysis was conducted comparing this product to SAF’s
existing product as no other comparative products could be found.

22



4. Results

Table 4.3: Benchmarking Analysis

No. | Need Imp. | SAF existing product | ALGADISK
1 promotes fast growth 5 ++ + + +

2 is easy to use 5 + 4+ + + +

3 maximises the use of natural light 5 ++ + + +

4 is easy to clean 4 + + + +

5 keeps a stable temperature 4 + + + +

6 keeps a steady water flow 4 + + + + +
7 fulfils the maximum height requirement 3 ++++ +++ 4+
8 fulfils the maximum weight requirement 3 + 4+ 4+ + + 4+ 4+ +
9 can be used to promote the company 3 + 4+ + + +
10 | is cost efficient 3 ++ + + ?

11 is enabled for an automatic harvest 3 + ++ +
12 | fits in a 40ft shipping container 3 ++++ +++ +
18 | allows for upgrades 3 + + + +

14 allows for manual handling 3 + + + + +
15 | has a modular design 2 + + + + + +
16 | handles a specified amount of water per day 2 + + ++ +
17 | uses the space efficiently 2 + + + + +
18 continuously purifies water of P and N 1 + + + +

The evaluation was done on how well it was perceived that the products performed
in conformance to the customer needs stated. SAF had the opportunity to test
the ALGADISK with their algae as a prototype of the product had been lent to
the Marine Biology Department at The University of Gothenburg. The test was
unsucessful as the algae was too heavy to remain on the rotating discs. Thus, the
product would not be applicable for use for SAF. On a purely innovative note, the
design of the ALGADISK is quite impressive and could definitely be a potential
competitor upon commercial launch.

4.2 Initial Generated Product Concept

The initial concept was presented at the end of the first half of the master thesis
project in August of 2015. The results of the development methods below are the
basis for the concept design.

4.2.1 Results of the Concept Generation Methods

The concept generation phase took the information gathered in the research phase
into viable concepts to be considered and evaluated.

4.2.1.1 Identifying Functions and Means

The function-means tree was used to break down the system into smaller parts that
could easier be analysed. For each function, means that could fulfil the function
were identified, which created a large amount of potential sub functions. The ideas
generated from this method was used in the next stage of idea generation. Due
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to the size, a fully legible function-means tree can be found as Figure A.3 in the
Appendix and a smaller depiction can be seen in the Figure 4.3.

Slowly flush water

SR FLE

Figure 4.3: Depiction of the Function-Means Tree.

4.2.1.2 Putting Pen to Paper: Idea Generation Sketches

To generate solutions to sub functions for the full concept, sketches were made in
idea generation sessions. The Figure 4.4 below shows an example of the sketches
made to document the ideas generated. The sketches helped to form ideas and visu-
alise them to be able to communicate them to other parties involved in the project
and further the development process.

Figure 4.4: Collection of sketches.
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4.2.1.3 Systematically Creating Possible Concepts

With all the gathered information from both the research and the idea generation
methods, a morphological matrix was created. A large amount of sub solutions were
identified and put into the rows of the matrix. Small sketches were created for each
sub solution to clearly demonstrate the solutions function, as can be seen in the
Figure 4.5 below.

Figure 4.5: Morphological Matrix.

Upon completion of the matrix, when all sub functions had a good amount of so-
lutions, complete concepts were put together in the revised morphological concept
combination matrix. A total of 25 concepts were put together in the matrix. Each
of the concepts were given a name and number to keep track of them as the de-
velopment progressed. A depiction of the concept combination matrix can be seen
in Figure 4.6 below. A larger copy of the morphological matrix and the concept
combination matrix can be found in Figures A.4 and A.5 in the Appendix.
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Figure 4.6: Combined Concepts Matrix.

4.2.2 Results of the Concept Selection Methods

One often speaks of the product development funnel were the widest part of the
funnel allows a large amount of ideas to pass through, then begins to taper resulting
in the sole dominant concept being able to pass [23]. This is the point where the
funnel begins to taper.

4.2.2.1 Weeding through the Generated Concepts

The 25 generated concepts from the previous product development phase were put
into the concept screening matrix to be evaluated. FEach concept was scored on
how well they fulfilled the criteria of solving the main problem, fulfilling demands,
safety, realisability, reasonable cost and modularity. After scoring each concept they
were evaluated if they were fit to continue on in the development process or to be
discarded. Upon completion of the matrix and reflection of the results, 6 concepts
passed the screening, 3 full concepts and 3 that were synthesised from 6 concepts.
The elimination matrix can be seen in Table 4.4 below.
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Table 4.4: Elimination Matrix

Criteria

21, 08/2015 2* (+) Yes | (?) Info Needed |  2*Decision: | (+) Continue | (?) Info Needed 2*Elimination Matrix for: SAF algae cultivation module
() No (1) Chock Spec. () Remove | (1) Check Spec.
Solution Solution Name Solves the Fulfils Safe | Realisable | Tieasonable Modularity Comment Decision
Number main problem | demands cost
Overlapping closed trays with
2 + + + + + + +
built in light
3 STanted overlapping trays with R R R R N R N

lids - manual
. Closed tray shelves with ! ) ) !
wipers and scrape

Tntegrating automated wipers mside closed
container is possibly very complicated andexpensive

5 Hanging cylimders with B Hanging cylinders appropriate for only large
propeller and serape scale plants - not modulax

B Tanging plastic bags with Tanging bags appropriate for only Jarge scale

vacuum and dispersion plants - not modular

Waterfall trays with lids and
; aterfall rays with Tids anc N N N R N N N
lifted biomass

Bowls on pedestals witl

8 owls on pedestals with + + + - Hanging bags appropriate for only large scale plants - not modular

manual handling

+
+ Mist of nutrients could be unsafe and not effective
10 Conveyor belt with showers + - ? ? ? - Conveyor belt not modular
Cylinders on floor with
+

9 Fexagon shelving with mist

11 + + + - Cylinder pipes not modular
vacuum
Closed cubes on tables with
12 lever + - + + + + Only one layer - not efficient
5 Hexagon stairs with wipes and Combine with 23
draining

Hexagons on floor with mist

14 Mist of nutrients could be unsafe and not effective
and vacuum
15 + + + + + + +
16 . + + + + + + +
dispersion
o Tayer tra able witl
17 One layer trays on table with + - + + + + Ouly one layer - not efficient
manual handling

Tanging cylinders with Tose
18 ‘”“”"*:l‘h;l:f""‘:““‘ 1 Hose + + + ? + - Hanging cylinders appropriate for only large scale plants - not modular

Overlapping plastic bags with .
19 Verappins b P“‘, ags with + ? + + + + Need more info on sedimentation in plastic bags

Open cube stairs with
20 pen cube stairs with + ? + + + + Cube size and growth rate needs more info
showers

Open cube conveyor belt witk

21 pett Cube conveyor bett with + - + ? ? - Conveyor belt not modular
tal with

22 dieprdion grate + + Single unit growing - not modular

Overlapping hexagon with
23 L + + + + + + Combine with 13 +
; Hanging clos N I )
2 + + + + + Efficiency of hanging units needs more info

hose dispersion

- Closed cube stairs with N
25 ? + Cube size and growth rate needs more info
vacuum

4.2.2.2 Concepts Generated and Screened

The concepts generated from the morphological matrix that passed the concept
screening matrix are presented here below. These were presented to a group of in-
terested parties at a Pugh matrix screening session. Note that all of the concept
depictions include a water dispensing container with a water inlet and a nutrition
addition valve. This is a manifestation of the process that would be collective for the
entire cultivation plant.

2 - OVERLAPPING CLOSED TRAYS

This design encompasses overlapping trays in the sense of overlapping between mod-
ules that entails a vertical displacement of trays between the left and right side of
the module. LED light strips are encapsulated into the bottom of the tray to give
a uniform light dispersion both under the algae and over the algae in the next tray.
The trays are completely closed with only in and outlets for water circulation and
algae harvest collection. A harvesting system entails an internal mechanism that
scrapes the trays and collects the biomass in a container that is connected to the
outside of the tray. See the Figure 4.7 below.
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Name: Overlapping Closed Trays 2 Harvest:

Full View:

Lighting: / B \

Parts: Inlet/Outlet - LED strips in trays - Automatic valve to system -
Closed trays - Overlapping shelves - Scrape harvesting

Figure 4.7: Concept 2 - Ouerlapping trays

3 - SLANTED TRAYS

The design of this module is similar to the existing lab module. The trays have a
vertical displacement as with the previous concept, they are also slanted to aid the
water circulation. The trays are equipped with lids that are connected to a perfo-
rated plate on which the algae grows. Upon harvest, the lids are lifted together with
the plate and removed to collect the biomass. Additional lighting is supplemented
through LED light strips encapsulated into the bottom of the trays. See the Figure
4.8 below.

Name: Slanted Trays 3 Harvest:

Full View:

Lighting:

Parts: Slanted trays - LED strips in trays - Shower -
Lift harvesting - Overlapping shelves - Trays with lids

Figure 4.8: Concept 3 - Slanted trays

7A - WATERFALL TRAYS
The trays in this design are installed on stilt-like legs and arranged in a descending
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stairs formation. The primary water inlet is placed in the top level of the trays and
an outlet dispenses the water to the subsequent tray. LED light strips are attached
along the sides of the trays. As with the previous concept, the trays are equipped
with lids connected to a harvesting plate, and the harvested biomass is collected
manually. See the Figure 4.9 below.

Name: Waterfall Trays 7a Harvest:

Full View:

Lighting:

Parts: Waterfall trays - LED strips around tray - Automatic valve to system -
Lift harvesting - Stairs - Trays with lids

Figure 4.9: Concept 7a - Waterfall trays

13A - HEXAGON STAIRS

Similar to the previous design, the trays are arranged in a descending stairs forma-
tion. In this design the trays have a hexagon shape. The bottoms of the trays have
a “trap door” that opens when it is time to harvest to expose a collection chamber
connected to a vacuum that sucks the biomass to a central sediment tank. For ad-
ditional light, LED light strips are attached around the sides of the trays. See the
Figure 4.10 below.
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Name: Hexagon Stairs 1 3a Harvest:

Full View:

Lighting:

S_—

Parts: Waterfall trays - LED strips around tray - Automatic valve to system -
Draining and vacuum - Stairs - Hexagon trays

Figure 4.10: Concept 13a - Hezxagon Stairs

15 - HOSE DISTRIBUTION

This design is a variation of the “overlapping closed trays” concept. The trays are
arranged in a vertical displacement and the trays are completely closed except for
water in- and outlets as well as harvesting collection opening. The scrape harvest-
ing mechanism is built into the trays with an external harvest collection container
attachment. The additional lighting is supplemented through external LED light
strips along the outer sides of the trays. In the trays, water and nutrient hoses are
placed to allow for an even dispersion throughout the trays. See the Figure 4.11
below.

Name: Hose distribution 1 5 Harvest:

Full View:

Lighting:

Parts: Hose distribution - LED strips around tray - Automatic valve to system -
Scrape harvesting - Overlapping shelves - Closed trays

Figure 4.11: Concept 15 - Hose Distribution

16A - IN-TRAY DISTRIBUTION
The final selected concept is named after the water and nutrient distribution con-
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struction of the trays. Internal canals are integrated into the trays to allow for a
water and nutrient passage to create an even distribution throughout the tray. Ad-
ditional lighting is also encapsulated in the tray to allow for an even light dispersion.
The trays are equipped with lids that are attached to a perforated harvesting plate
that are lifted during the harvesting process to remove the biomass from the trays.
See the Figure 4.12 below.

Name: In-tray Distribution 1 6a Harvest:

Full View:

Lighting:

Parts: Distribution in tray - LED strips in tray - Automatic valve to system -
Scrape harvesting - Overlapping shelves - Lids on trays

Figure 4.12: Concept 16a - In-tray Distribution

4.2.2.3 Results of the Concept Screening by Pugh Matrix

The Pugh matrix was used as a method of screening the six aforementioned concepts
in a group meeting of interested parties. The existing cultivation was used as the
reference for which the other concepts were compared against. The concepts were
scored on their relative performance on a list of criteria taken from the customer
needs list. The completed Pugh matrix can be found as Figure A.6 in the Appendix.

During the meeting and the review of the concepts, it became apparent that there
was no clear winner or dominant design. There was much discussion on the validity
of the complete concepts and the function of the sub solutions. Therefore, the Pugh
matrix served as a formidable foundation for discussion and debate on different solu-
tions. Many new ideas and reflections came to the surface during the meeting. The
result of the meeting was in sorts a screening of concepts where no concepts passed
and instead a synthesis of different presented solutions and new ideas occurred. All
statements were noted during the meeting and the input, in conformance with target
specifications, was used in a new concept design that was presented at a later group
meeting.
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4.2.2.4 Concept Selected to be Refined

As mentioned, the concept that was moved into the detailed design phase of the
project was generated from an array of development practices and input from the
stakeholders. The concept depiction can be viewed in Figure 4.13 below.

Harvesting suction Water intake
hose hose

White reflective
l plastic

A

= »
/‘ \ Sediment tank

Water extraction
hose

Tracks

Sediment extraction
hose

Figure 4.13: Final concept selection before detailed design

The concept consists of trays mounted on an internal structure with a vertical dis-
placement between sides. The internal structure that holds the entire module is
covered by a white reflective sheet of plastic to maximise the light by reflecting it
back into the trays. The structure is placed on tracks that allow the modules to be
moved closer and further apart from each other to work with shading and space util-
isation. The water circulation is done through in and outlet connections in the trays
through the reflective plastic sheet. Thin catheters are used to suck the biomass
from the trays to a sedimentation tank when it is time for harvest.

4.2.3 Concept Refinement: Paving the Way to the Final
Concept

After the selected concept was presented in August of 2015, there was a hiatus

in the project until the middle of January of 2016. It was during this time that

it was decided that the detail design of the automated harvesting system would
be outsourced to an automation specialist company. Therefore, the design of the
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harvesting system in the project would be solely a concept design going forward. As
there was still some uncertainty on the selected concept, further concept refinement
was conducted before the detailed design phase commenced. During the concept
refinement, changes were made to the concept when it became apparent that certain
details of solutions were not optimal or could be improved upon. For example, the
design of additional lighting in the form of LED strips, was removed from the product
design as this is something that would need to be modelled and tested in a separate
project. This decision was taken as there is little lighting data that could be used
and specific testing would have to be conducted.

4.2.3.1 Mapping the Impact on Quality

In the following “house of quality”, a few alterations have been made to the classic
format of the method. Instead of using the symbols “+” and “-“ to depict the re-
lationships, numbers were used to allow for a summation of each parameter. This
enabled a clearer portrayal of which parameters had either a negative or positive
impact on the product as a whole. The QFD can be seen in the Figure 4.14 below.

House of Quality

Importance (%)  Moveable system  Tray offset Capillary suction 3D structurein  White reflective  Open trays. Built-in Sum Sum x Weight
on tracks placement hoses harvesting  water plastic middle sedimentation
tank

Promotes Fast Regernation 21 0 0 2 2

o1
36
Modular Design 8 -1 2 1 0 0 1 1 4 32
Light Weight 5 2 0 1 0 Bl 1 2 3 15
Continuous Water Purification 4 0 0 0 1 0 0 0 1 4
Max Height 2m 3 Bl Bl 0 0 0 1 -2 3 -9
Sum 100 -4 4 7 0 el 8 -

Figure 4.14: QFD "House of Quality".

The result of the “house of quality” shows that the lowest score in accordance to
the criteria was the "Capillary suction harvesting system". It scored negatively due
to the high risk of internal blockage in the tubes. The design parameters “Moveable
system on tracks”, "White reflective plastic" and “Built in sedimentation tank” have
the highest negative impacts on the system both in terms of the customer specifica-
tions and relationships with other design parameters. With these overall negative
scores, a cancellation of these design parameters is called for. The moveable sys-
tem on tracks scored poorly because of the additional weight and space required to
execute this parameter as well as an increased need of stabilisation is required. Ac-
cordingly, the built in sedimentation tank had similar reasoning behind the scoring
as the increased weight of the tank would not comply with the light weight customer
specification. Upon further investigation on the white reflective plastic, there is a
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high likelihood that it would do more harm than good. As minimal or no additional
directed lighting will be used the plastic could shade the trays more than it max-
imises the light.

4.2.3.2 Testing Design Aspects

The intent of the experiment was to evaluate the effectiveness of two different de-
signs of cultivation trays as well as a simulation of the harvesting technique. The
experiment took place at the facilities at the Botanical Garden Campus during a
period of five weeks with periodical harvests and controls.

The experiment was founded on the results of a study conducted in the United
States. The study showed that implementing varying surfaces in the algae grow-
ing container more than doubled the production rate of the algae [1]. As a further
development of this experiment, surface treatments were implemented into the cul-
tivation container it self. In addition to examining the speed of regeneration of the
algae population it was also an investigation into a way of keeping a certain per-
cent of algae in the cultivation tray after the harvesting process. The experiment
examined two different surface treatments of the bottoms of the cultivation trays.
These designs will be sealed and kept confidential by request of the company and
will simply be denoted as tray A (control tray), tray B and tray C. The trays’ water
circulation system was connected in parallel and not serial so that each tray had the
same nutrient supply. The data collected from the experiment can be seen in Figures
4.15 and 4.16 below. The specific values of the data points have been removed to
not divulge any productivity information in the report.

H Week 1 M Week 2 I Week 3 W Week4 M Week5
oA oB C
| ]
A c leek 1 Week 2 Week 3 Week 4 Week 5
Figure 4.15: Total amount of Figure 4.16: Graph of harvested
harvested weight. weight per week.

The harvest collected after the fourth week in the trays B and C is substantially
lower than in tray A, the control. This is due to a malfunction that occurred during
the weekend, where tray B was completely restricted from water and the tray C
had a very low water circulation rate. The cause of the malfunction is unknown,
but most likely it was due to a regulation error of the water flow. This drastically
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affected the results of the experiment as it would take a longer time for the affected
trays to recover than was permitted. Therefore, control tray A has a higher total
amount of harvested algae compared to the other two trays depicted in Figure 4.15.
One could draw the conclusion that tray A had the dominant design from this data.
However, if one looks closer at the graph in Figure 4.16, tray C kept a relatively sta-
ble growth rate, except for the impact of the malfunction during week 4. It was able
to recover very quickly and even increase the amount of algal growth during week
5. It is therefore deemed that tray C had the dominant design in this experiment.

An additional result from the experiment was a design choice made upon physical
usage of the harvesting method. The initial harvesting method was to scrape the
rubber scraper along the bottom, over the edge of the tray where a side, or door, had
been removed. This was deemed to be more difficult than expected and it was much
easier to lift the scrape with the algae resting on the side by pulling it against a wall
of the tray and then collecting the biomass. Due to this experience, the application
of having a removeable side of the trays was removed from the concept.

4.2.3.3 Anticipating Possible Failures

The Failure Mode and Effects Analysis reviewed the final concept to evaluate any
potential risks of failure that could occur in the future. The analysis shows that
there are a number of possible failures that could happen with the current design
that need to be tested before an industrial implementation. Certain design aspects
were identified that had a high level of insecurity and changes were made in the final
design. For example the design of the console connection to the bearing structure had
a high potential of failure. The connection was designed as a hook that connected to
a slot in the bearing structure. Any minimal gaps or manufacturing discrepancies
could cause the tray to fall, slip or leak. As the trays are filled with water it
is important that the trays are kept level. To minimise this risk, the design of
the connection was changed from a hook and slot to a nut and bolt connection.
The biggest result of the analysis is the need for the company to build a full scale
prototype of the product to be able to validate the design choices made. The FMEA
has been checked by an algae researcher and the process engineer employed at SAF
to check the validity of the potential risks and if there were any that had been
missed. The FMEA can be found in Figures A.8 and A.9 in the Appendix.

4.3 The Final Concept

To facilitate the scale-up process, the concept was designed as a product platform
with two planned generational updates. This allows SAF to grow into the different
designs while keeping a high level of flexibility. The first generation, or product
platform, is fully designed and scaled for this project. The harvesting system in
the second generation is a developed concept and not a full automated design. The
third generation is solely a concept proposal and not fully realised. The purpose of
demonstrating the two extra generations is to show how the product platform can
be utilised in future updates.
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4.3.1 Product Platform

The Figure 4.17 depicts a render of the cultivation module platform design. The
platform consists of five trays resting on consoles attached to either side of the sup-
port beams. The total of ten trays are estimated to amount to an algae cultivation
area of ca. 23 [m?] and holds a volume of 1,74 [m?] of water on a ground surface
area of 4,8 [m?].

Figure 4.17: Product Platform.

As the support structure is internal it minimises the amount of support structures
needed to maximise the algal growth area while keeping both the amount of parts
and weight to a minimum. The structure is designed after a classic industrial storage
shelving system. This design allows for an easy upscale as one can simply just add
on supports and consoles on the end of the previous system and connect the trays.
A serial installation of modules creating a cultivation system can be seen in Figure
4.18. The parts used in the design of the structure are common standardised parts
that have been machined to fit the design as to keep the costs down.
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Figure 4.18: Drawing of a serial connection of modules.

The full product specification list can be found as Figure A.7 in the Appendix.
Certain aspects have been blocked out of the list to comply with the confidentiality
agreement with SAF.

4.3.1.1 Support Beam

The structure is based on the design of the HEA 100 track support beam. The
HEA-100 track beam is an industrial standardised part made out of zinc coated
galvanised steel. The material was chosen for galvanised steel with a zinc coating
is much more cost efficient than stainless steel while still being strong enough to
carry the consoles and is not corrosive when in contact with salt water [7]. The
hole patterns are located to be as versatile as possible. The lower four holes are
designed to carry a console, above this pattern is another set of four screw holes that
accommodate the harvesting attachment. Directly above the harvesting attachment
hole pattern is another set of holes. These are to attach an additional tray level
instead of the harvesting attachment.The console would then connect to the two
additional top holes and the bottom two holes of the harvest attachment connection
pattern. Please view Figure 4.19. This would allow the module to carry 20 trays
in total instead of 10. Se Figures 4.20 and 4.21. The hole patterns have a vertical
displacement compared to the other side as to enable the trays to be mounted with
an offset. This is to minimise complete shading of the lower trays and to allow for
modules to be placed closer together with an overlap between trays if the customer
so desires.
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e

Figure 4.19: Installation of additional level.

Figure 4.20: Structure with 10 levels
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Figure 4.21: Structure with 20 levels

4.3.1.2 Console

The console’s function is to carry the trays and keep them level. The console is
attached to the support beam by M8 stainless steel screws. The installation of the
console can be seen in Figure 4.22 below. The console is constructed out of zinc
coated galvanised steel just like the support beam. A UPE 80 beam comprises the
main structure of the console with some machining manipulations. The end of the
console is equipped with a “stop” to secure that the trays do not fall off the consoles.
The U-shaped beam is welded to a rectangular metal sheet that supports the console
and allows it to be connected to the support beam.

Figure 4.22: Console installation

For the console structure to be an effective design choice, it is imperative that it can
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carry the trays without the risk of collapse. The design must be robust enough to
handle the weight of the trays, the algae, the water, the harvesting process and a
cleaning process. A FEA was conducted on the console to ensure the validity of the
design by simulating the distributed force on the console. The analysis was done
in the CAD software CATIA V5. A visualisation of the impact study can be seen
in Figures 4.25 and 4.26 below. The distributed load (Q) was calculated with the
following calculations [12].

[TTITIITITITIIT]
| |

R1 R2

Figure 4.23: Analysis of the forces the consoles are exposed to

m = 200 [kg] (mass of water and tray)
g = 9,82 [m/s?](accelerationof gravity)

q = m* g[N] (4.1)
R= Rl =R2=q/2[N] (4.2)
R = 982[N] (4.3)

[TTITITITITITIT]

T

Figure 4.24: Analysis of the distributed force the console is exposed to

L = 1,35 [m] (length of distributed load on console)
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Q = R/LIN/m] (4.4)

Q = 727,41[N/m] (4.5)

Figure 4.25: Material displacement analysis on Console

The Figure 4.25 shows that the maximum material displacement, caused by the
distributed force Q, is 1,62 mm at the very end of the console. The displacement
causes a strain on the material underneath the reinforcement structure of the console.
This stress analysis is called the Von Mises analysis and is portrayed in Figure 4.26.

Figure 4.26: Von Mises analysis on Console

The maximum stress is estimated to be 22,6 MPa which is well below the yield
strength (elastic limit) of the material which is between 250-395 MPa and the frac-
ture toughness of 41-82 MPa [7]. The displacement caused from the distributed
force is deemed to be within acceptable limits of the product specification and will
not have a negative effect on the cultivation of the algae. From this analysis it is
concluded that the design of the consoles are appropriate for their function. However
a stress test on a physical prototype to ensure validity of these calculations must be
conducted before ramp-up.

4.3.1.3 Structure Foot

The support beam is connected to a structure foot that rests on the ground that
can be seen in Figure 4.27 below. The structure foot is made out of two parts, a
connection to the support beam and a heavy duty rectangular beam that distributes
the load on the ground and stabilises the structure. The support beam connection
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is a square U-shaped piece of zinc coated galvanised steel that stabilises the support
beam with four M10 stainless steel nuts and bolts. The piece is manufactured by
bending a sheet of thick steel and then welded to the top of the rectangular beam.

e

Figure 4.27: Structure Foot.

The foot has two drilled holes close to the end of the rectangular beam. The function
of these are to be able to attach a standardised stabilisation footing structure or to
secure the system to the ground.

4.3.1.4 Support Rods

Two thin support rods connect the support beams to each other. The rods are
attached to the top of the first beam and then the bottom of the subsequent beam
in both directions forming an X shape. The function of the rods are to ensure the
stability of the beams in the Y-axis, so to speak, to minimise any lateral movement.
The rods are connected with two M5 bolts.

4.3.1.5 Cultivation Trays

The trays are designed to maximise the algal growth area while using standardised
parts that are available for a reasonable price. The trays are made out 5 mm thick
polymethylmethacrylic plastic (PMMA) also known as plexiglas. The material was
chosen for its optical quality transparency, UV resistance, durability and salt water
and organic solvent resistance [7]. The largest standardised 5 mm PMMA sheet is
2050 x 3050 mm. These standardised dimensions had a huge impact on the design
of the trays. Upon consultation with several experts in the field of both plastics
and plastic forming, there is no way to join sheets of PMMA on a horizontal field
that could resist the force of the water over a longer period of time. The joint
would crack very easily and the costs would be very high to both manufacture and
repair such trays. Therefore the design was created to utilise the standardised part
and instead of creating long trays, several trays are connected in serial. The tray
has almost a trough like shape as the shorter sides are bent to an angle. This
design choice was done to minimise the amount of 90 degree corners (it is hard to
clean any algae caught in the sharp corner), reinforce the structure and to allow
a continuous harvesting process across the entire length of the tray. The resulting
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dominant design generated from the design experiment will be implemented into the
internal bottom of the tray. As this design has been requested to be excluded from
the printed report no images or further information will be provided on the subject.
The design of the tray can be seen in the figures below.

~

|

Figure 4.28: Design of Cultivation Tray

Figure 4.29: Cultivation Tray with water and algae

A similar analysis as done on the console was conducted on the tray in the program
CATIA V5. The simulation analyses the material displacement and stress that the
distributed force of the water and the algae have on the tray. The results of the
analysis can be seen in the figures below.
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Translational d

On Boundary
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Figure 4.30: Material displacement analysis on Tray

The analysis shows that the load will have a maximum of translational displacement
of 0,04 mm in the center of the tray. The displacement will cause a stress of 0,168
MPa on the material which is below the estimated yield strength of the PMMA
which is between 57,6-63,7 MPa and fracture strength of 0,7-1,6 MPa [7]. The
results of the Von Mises analysis can be seen in Figure 4.31

Von Mis:

Figure 4.31: Von Mises analysis on Tray.

4.3.1.6 Tube Connectors

The connection between the tubes and the trays are done by a standard high pressure
hose connector. The connection is connected through several parts that allows it
to be mounted from the inside of the tray. The tubes that are to be connected are
easy to attach and remove by screwing off the outer part connected to the tube.
The tubes must be easily removed without dismantling the entire tray to be able to
cleaned. A render of the installation of the tube connection can be seen below.
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Figure 4.32: Tube connectors.

4.3.1.7 Process

WATER REGULATION INTO SYSTEM

The water that enters the system is dispensed by a pump that is connected to the
main water source. Before the water enters the pump, any additional nutrients or
additives are pumped into the water inlet so that the water has a homogeneous nutri-
ent content. The pump is then coupled to a pipe distributor that connects the tubes
that provides the cultivation trays with water. The sizing of the pump is dependant
on the size of the system. For a single module to a smaller system of modules, a
pump such as the TP25-50 model from the company Grundfos would be appropriate.

WATER REGULATION OUT OF SYSTEM

During the cultivation period, the water flows freely out of the system either back
into the water reservoir or to a separate entity depending on the application of the
system. Once the cultivation period is completed the inlet pump is turned off and
the evacuation pump is turned on. A pump with a low suction inlet (dependant on
the size of the system) carefully sucks the superfluous water out of the system to
allow the harvested biomass to have as little water content as possible. With this
type of water evacuation process it is likely that the biomass collected will have a
high water content as the suction must be done very restrictively as not to flush
the algae out of the system. This worth noting when designing the after-processing
methods.

WATER REGULATION IN THE SYSTEM

When the water is circulating in the system, it flows by the help of the pressure force
from the inlet pump as well as the gravitational pull between the levels. The water
enters the top level of the trays and then passes on to the next tray through a PVC
tube connected to both trays. At the end of the trays on a certain level, a hose is con-
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nected to the tray below and the water flows back through the trays in the opposite
direction. The same vertical connection between trays is applied when one module is
in operation alone. These tube connections can be seen in the Figures 4.33 and 4.34.

Figure 4.33: Tube between hor- Figure 4.34: Tube between ver-
izontal trays. tical trays.

SANITATION PROCESS

As the trays are to remain fixed in their position in the system, a sanitation process
must be flexible. When it comes to sanitise either due to a contamination, or a
habitual cleaning routine, the system will first be cleared of any algae and water.
Thereby the system will be sprayed with a high pressure water stream followed by
a low concentration Hydrogen Peroxide solution to kill any unwanted organisms in
the system. To complete, the system is washed once again with water.

4.3.2 Second Generation

The second generation is the first step towards automation of the system. One could
imply that it is the semi-automatic generation. The base of the system is the plat-
form with an automatic harvest “attachment”. Above each tray there are predrilled
holes in the support beam to be able to mount the harvesting system. This allows
for an easy gradual update from the first generation to the second. The harvesting
system is automated to the point where the plastic scrape removes the biomass from
the trays and places it in a collection container.
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Figure 4.35: Second Generation Module.

4.3.2.1 Harvesting System

Since a complete automated harvesting plan is outside of the scope of this project,
the following is purely a proposed concept of an automated harvesting system.

Figure 4.36: Harvesting system in motion.
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The principle of the harvesting system is a rubber scrape scraping the bottom of
the trays and pushing the collected biomass into a collection container over the edge
of the tray. A break-down of the system can be seen in Figure 4.37 below. The
scrape is connected to a rotational joint that enables the scrape to follow the form
of the tray. The joint is in its turn connected to a guiding arm that is attached to
a rubber conveyor belt. The conveyor belt is driven by a DC motor connected to a
belt pulley. The motor is intended to drive all of the conveyor belts in the system
through a gear mechanism that connects the driven belt pulleys.

Conveyor belt

Connector

/ back plate

Guiding arm

Rotation joint

)

Scrape

Belt pulley

Figure 4.37: Proposed harvesting system.

Figure 4.38: Installation of harvesting system

The harvesting system is designed as an optional attachment to the system. The
plate that connects the harvesting system to the support beams is easily attached
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with M8 bolts. The connection can be seen in Figure 4.38 above. If several trays
are connected subsequently, the conveyor belt is dimensioned after the size of the
system. The plate connected to the support beam is designed to connect with the
following system to align the conveyor belt between systems. The either ends of the
harvesting system can be seen in the top two figures in Figure 4.40. The bottom
figure shows two modules serially connected. The trays are attached to each other
with a PVC tray connector that is fitted to the inside of the slanted parts of the
trays. The connector creates a seamless transition between trays for the scrape to
follow. The red line in the figure shows how a long conveyor belt would be arranged
in the system.

PVC tray connector

Long conveyor belt

Figure 4.39: Serial connection of harvesting systems.

BiomAss COLLECTION

When the harvesting system has scraped the entire system and comes to the end,
the biomass is scraped over the edge of the tray into a removable collection con-
tainer. The container is manually handled and attached by a service operator. The
container is moulded out of PVC plastic that can easily be cleaned. The design can
be seen in the figure below.
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Figure 4.40: Biomass Collection Container.

4.3.3 Third Generation

The third, and final, generation of the concept is a fully automated system. A
summation of the upgrade can be seen in the Figure 4.41. Just as with the second
generation it is built on the first generation platform with an attached automated
harvesting system. A part of the upgrade in this generation is the automated col-
lection system that transports the harvested biomass from the module to a separate
collection receptacle so that no human entity has the need to manually operate the
system.

Third Generation

The third and final generational update proposed in this project is a fully automated
solution. The solution includes a control systermn that operates an entire cultivation plant,
a itoring system, 1 harvest and collection systemn and module mobility.

Monitoring system

Mobility Automated harvest collection

Figure 4.41: Third generational update.
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The modules are placed on automated tracks so that the modules can be arranged
with a larger overlap between trays. This feature was originally disregarded from
the design due to stabilisation and weight requirements. Upon reflection and the
possibility of adding updates when required by a system, it was reissued in the final
generational upgrade as an optional application. By being able to move the entire
system it facilitates any repair work and allows for the owner of the system to work
with different shading installations by moving the trays closer together at certain
parts of the day for example. Please see Figure 4.42 below. The upgrade also has
monitoring cameras and reflective sensors to indicate when the tray is ready for
harvest and monitor any contaminations or malfunctions. This enables the use of
an external computer control program.

Figure 4.42: Close parallell spacing between modules.

4.3.4 Manufacturing and Installation

The parts that make up the support structure are to be purchased as standardised
parts from a large steel manufacturer that are able to customise the parts on in their
warehouse before delivery. Thus, all the cutting to size and drilling hole patterns
will be completed upon arrival. The parts that are to be welded together will be
sent to a manufacturing company that will finish the parts. The complete struc-
ture will then be transported to the cultivation plant site and installed on location.
The trays are to be manufactured by heat bending, cutting and gluing by a plastic
processing manufacturer. Upon completion, the trays will be delivered to the cul-
tivation site and installed in the structure. All additional parts such as tubes and
tube connectors are standard parts and will be purchased from appropriate retailers.
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A full parts list and manufacturing plan has been provided to SAF. These docu-
ments have been excluded from the report by request of the company.

4.3.5 Cost Estimation

The cost estimation of manufacturing the product was based off the quotes that
were provided by several different vendors. Two cost estimations were made, one
calculating the cost of producing a single module (the cost of building an initial pro-
totype) and the other estimating the cost of an entire cultivation plant. The Figure
4.43 depicts the cost drivers of the product. The size of the circles are relative to
their investment cost. The larger the circle, the higher estimated investment cost.

Process
(Tubes, etc))

Installation labor

Figure 4.43: Visual representation of the cost drivers.

The largest investment is the manufacturing and purchase of the support struc-
ture. Even though each part is made out of standardised parts, they all need to
be customised to fit the product. This machining work is a major investment cost
that impacts the final cost estimation. This is due to the large amount and the
customised design. The trays are another large investment. A thorough study of
plastic manufacturers and suppliers was conducted to find the best price to accom-
modate the low cost requirement. However, the recommended plastics manufacturer
provides a good price for the ramp-up. Following, the installation of the product
is deemed to be the third largest cost driver. This driver has the biggest impact
when it comes to scaling up the product. The cost is calculated by an hourly rate,
therefore the longer installation time, the more costly the installation will become.
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The least expensive parts are the tubes and tube connectors that are to be bought
"off the shelf" and there is no need for customisation.

As this is a new potential product on the market it is hard to gage where the
estimated cost of the module is on the expense scale. The module includes a large
amount of parts that are interchangeable and upgradeable which drives the cost.
To justify the initial cost, certain benefits where identified that make the product
profitable during a period of 10 years (the product is most likely to be profitable
beyond a ten year period, this was period was used in this evaluation in compliance
with the product specification). The design of new module increases the algal growth
area by 522 % compared to the lab scale module. In comparison to the utilised
ground surface area of 4,8 [m?] that the module utilises, it generates an increase of
479 % of algal growth area. This increase of algal growth area per ground surface area
allows the company to maximise the amount of algae cultivated on a relatively small
area. The estimated increase of algae growth will benefit the company by increasing
the yield of the algae that could be sold and processed into value products.
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Rena Hav AB Project Proposal

The cultivation module was, in part, designed to accommodate the Rena Hav AB
pisciculture project’s specifications. The following is a proposal of an execution plan
to achieve the goals of the project.

The proposed full scale plant includes 22 algae cultivation systems containing 20
algae cultivation modules each. A scaled layout depiction can be seen in Figure 5.1.
A group of 11 systems are installed parallel to the long side of the building with
a center row between them and the next group of 11 systems. This partition is to
allow for access to the harvesting collection, tube gathering or general space for op-
erational practices. There is a 70 cm space between the lengths of the systems. This
allows the operators to access each tray in the system for either cleaning, repairs
or inspection. The entire cultivation plant is encapsulated by a greenhouse to keep
a constant temperature and shield from harsh weather conditions. The greenhouse
design is outside of the scope of this project and is therefore not dimensioned at this
stage.

Figure 5.1: Rena Hav AB algae cultivation plant layout.

The water from the pisciculture is pumped from the ground level of the building to
the roof with a CRN-150 model pump from the company Grundfos, which is a high

55



5. Rena Hav AB Project Proposal

pressure centrifugal pump. This specific pump was not only chosen as it fulfilled the
required specifications of the project but also that the other pumps that are to be
used in the pisciculture are from the same manufacturer. The pump is connected to
the outlet of the particle separator or directly to the fish tanks and connected to a
high pressure pipe that leads to the roof. An illustration of the connecting process
between the fish tanks and the algae cultivation system can be viewed in Figure
5.2. On the roof, the pipe is connected to a water distributor pipe that connects 11
tubes. These tubes are then connected to a double tube separator resulting in 22
water inlet tubes that connect to the systems. The water outlet tubes are handled
in the same fashion, through a set of tubes connecting to a pipe distributor and
descending pipe back down to the ground floor.

By executing this plan, the following results are estimated to be achieved.

Table 5.1: Rena Hav AB Cultivation Plant Specification

Modules per system 20

Total amount of systems 22

Total amount of cultivation area | 10181 [m?|

Water in full cultivation plant 765 [m?]

Water flow into system 144 [m3/h]

Pump Model CRN 150-1-1 A-F-G-E-HQQE

Each system can be equipped with the aforementioned harvesting system method
by simply scaling the conveyor belt and motor after the size of the system. The re-
sulting harvesting system would entail a collection of 220 rows of cultivation trays.
The harvest is collected by a service operator. To keep an even nutrient depletion
rate, the harvesting of the systems occurs in a rotational scheduled pattern to keep
enough algae growing in the cultivation plant at all times. By request of SAF, no
algae production rates are to be published in this report and therefore the resulting
water nutrient depletion is not specified.

It is requested that the algae cultivation plant is built in stages, beginning with a
single prototype module to ensure that the design accomplishes the needs of the
product and can be installed and operated safely. As the plant is located on a roof
there are certain safety restrictions that need to be adhered to. Upon validation of
the prototype, a gradual or full ramp-up can be completed.
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Figure 5.2: Rena Hav AB pisciculture connection depiction.
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Discussion

Upon completion of the project, there are a couple of instances that are worth
reflection.

6.1 Impact of the Maturity of the Company

As SAF is a relatively new company, there was limited long term data on the growth
cycles and conditions of the specific algae and cultivation method that were applica-
ble to this development project. Micro algae is a very complex product to work with
as it is hard to pinpoint exact truths to either the algae or its growing conditions
due to its size. Some of the data used in this project were estimations made by the
algae researchers. Therefore there is a high likelihood that the calculations made
during this project could vary when implemented in a physical product. Another
attributing factor due to the maturity of the company is the need for flexibility in
the product. As of yet, the company is still investigating all possible markets that
could be interested customers of their product. This means that the system must
be flexible to be able to cater to all possible end-users. Thus, certain design choices
were attributed to this factor which could fault the final concept from being the
most optimal design.

6.2 The Design Experiment

When it comes to the design experiment or prototype, there were a couple of in-
consistencies in the handling of the subject matter which could have an attributing
effect on the results. The harvesting was done by pulling a scrape along the bottom
surface and collecting the biomass. The scrape was lifted along the back wall of the
tray and tipped into a 50 ml centrifuge tube. It was difficult to collect all of the
sample into the small tube without spilling. Therefore there could be some differ-
ences in the data collected and the actual growth. However, the spillage was minor
and was deemed not to have had an impact on the comparative results between the
trays. Unfortunately, during the weekend before the fourth harvest there was as
problem with the water circulation in two of the trays. This caused one tray to dry
out and one had a very low water flow rate, thus the algae ceased growing during
that period. This impacted the data from that week tremendously. Therefore, it
was decided to continue the experiment an additional week. There is a possibility
that the failure caused unrepairable damage to the algae and the subsequent data
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collection had an impact.

During the usage of the prototype implemented in the experiment, a design choice
of not having removable “doors” was made. This was a subjective judgement made
while handling the trays during the harvest after the first and second harvest. There
is no justifiable data to support this decision as the change was made permanent
after the second harvest. Thus, this design choice could be subject to improvements.
Finally, the experiment was only conducted during a period of five weeks. To achieve
undeniable evidence from this type of experiment, it would need to continue over a
longer period of time.

6.3 Design of the Final Product

During the concept refinement period, the concept that was being developed entailed
implementing extremely long trays that would minimise the amount of modules
needed in an entire system. This deemed to be difficult to validate the mechanics
due to the stress factor of the weight of the water. Several plastic manufacturers
and retailers were contacted to estimate a price for the construction. The unani-
mous response was that there is no way to construct trays with those dimensions.
The standardised parts of PMMA that they work with are 2050 x 3050 mm so the
only way to achieve a large tray would be to join the parts with adhesive. The
joints would not be stable and the likelihood of fractures would be extremely high
not to mention that the work and material would be extremely costly. Due to this
feedback design changes were made to accommodate the manufacturing process and
low cost requirement. In retrospect, the manufacturers and material experts should
have been involved in the design process much earlier to ensure that the design was
plausible to manufacture.

The vertical displacement on the edge of the console beam could possibly be seen
as somewhat high and could cause an uneven water level. However, it should be
noted that the calculation simulates a distributed force along the entire beam that
displaces vertically along with the material. The trays that are the actual physical
loads that the consoles will be exposed to are rigid bodies and will not follow the
descent. Again, this is an imperative factor to test the in a prototype situation.
If it is deemed that the vertical displacement causes an unsatisfactory cultivation
environment, it is recommended that the UPE 80 be switched to a UPE 100 beam.

The target product specification was created in the beginning of the project and
was set as an outline of the wished performance of the final product. The final
product specification is a reflection of the actual performance of the final product.
As expected, the target and final product specification differ on some points. The
height of the product was targeted to be around 2 m, this was exceeded in the
final product design to maximise the amount of algal growth area while allowing
for harvesting upgrades. If this increase in height becomes a larger problem than is
estimated at this point in the project, it can easily be altered by reducing the height
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of the H-beam and incorporating 8 trays instead of 10.

6.4 Automation Upgrades

A complete design of an automated harvesting system was initially part of the scope
of the project but was then removed. Due to the large amount of uncertainties of
the project, the design of the harvesting system was decided to be outsourced to
automation professionals. The current harvesting system in the design is solely a
proposed concept and not a complete design with validations and a control pro-
gram. During discussions about the harvesting technique throughout the master
thesis project, it was deemed that most appropriate method would be to scrape the
trays and collect the biomass. Therefore the design of both the final concept and
the design experiment was chosen from that information. This design needs to be
validated in the future and possibly compared to other methods of harvesting.
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Conclusion

This report has summarised the work done in a master thesis project for the company
SAF. The following chapter will present the conclusions drawn during the project.

7.1 Concluding Remarks

The purpose of the product development project was to develop an industrial scale
algae cultivation module that could be implemented in a commercial algae culti-
vation plant based on the existing lab scale module and customer needs. SAF are
working on commercialising their company to be introduced on the industrial mar-
ket. As SAF are still in the process of exploring their commercial market opportuni-
ties their final product must be able to cater to several different types of endeavours.

A pisciculture plant project that SAF entered into together with the company Rena
Hav AB and the municipality of Sotenéds was used as a case study to give the project
actual reference figures to help the design process. SAF’s part in the project was
to build an algae water treatment plant on the roof of the fish farm to purify the
water from the nitrate, phosphorus and carbon dioxide created by the fish. Only
a small portion of the entire amount of pollutants can be “cleaned” by the algae.
However, the portion that is reduced by the algae will put less strain on the other
denitrification processes. The project will also be able to serve as a demonstration
plant for SAF to show potential investors and customers.

Initially, an automated harvesting system was part of the project but when further
investigation was done, it was concluded together with the company that due to the
enormity of the project, this would be outsourced to an external automation com-
pany. With the added level of uncertainty of the project, it was necessary for the
product to be flexible and adaptable to all forms of automation solutions generated
in the future. This had a large impact on the final design.

The redesign of the existing module to be applicable on an industrial scale took
the form of a product platform. This was to be able to accommodate the various
number of potential customers and end users of the product, along with an unknown
harvesting system design. By building the system on a platform design it allowed
for continual upgrades of the system and the initial product life time to be much
longer. The basic platform consisted of an internal shelving structure with two load
bearing support beams, a ground stabilisation connection and attachable consoles.
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The cultivation trays were to be placed on the consoles and connected through PVC
tubes for water circulation. The final module design creates an algae growing area
of 23 m? on a ground surface area of 4,8 m? and holds up to 1,74 m? of water. All
parts in the module were designed from industrial standardised parts to keep the
cost as low as possible.

An experiment was conducted during the project to investigate different surface de-
signs that promote the regeneration of algae after a harvesting process as well as
boosting the total algal growth. The experiment also served as an opportunity to
simulate a proposed harvest system method of scraping the trays in a control manor.
The resulting dominant design will be implemented in the cultivation trays upon
manufacturing.

On completion of the project, SAF have been provided with detailed drawings of
the design, a manufacturing plan with proposed partnering companies, a complete
cost analysis, the results of the experiment and an execution plan for the project
together with Rena Hav AB.

7.2 Further Work

A great deal of knowledge was created during the project but for the project to be
fully dimensioned, the following further work needs to be completed.

« Prototype - A full scale prototype needs to be built to ensure the validity of
the designs and mechanical calculations.

o Automation of the harvesting system - The system design that was presented
in this project was merely a concept design. The scrape method was tested in
the experiment and validated to be effective. However, there was never any
comparative data to be able to establish the best harvesting technique. If the
proposed system is to be fully designed the following must be dimensioned.

— Motor size

— Mechanical gear system

— Power supply

— Automated collection system

o Monitoring and control system - For very large systems, a control and moni-
toring system will most likely be required to ensure a stable product.

o Continuation of experiment - The experiment was conducted during a period
of five weeks. To be certain of the results the experiment should be carried on
for a longer period of time.

« Additional lighting - An investigation into the appropriate lighting should be
done to ensure that the right intensities are utilised.

o Greenhouse design - A large greenhouse must encapsulate the cultivation plant.
Further dimensioning and design of said greenhouse must be conducted.

o Price negotiations - The cost analysis that was conducted and delivered to
SAF did not include price negotiations. More affordable prices could possibly
be achieved.
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Eigure A.1: Combined Customer Needs Statements.

Interpreted Needs Index Frequenc [ Total Frequency
y

Modulen framjar optimala ljus férhallanden. !! 1 2 9
Modulen ar anpassad for reglering av @mnen och tester. !! 2 1 4
Modulen/Anlaggning &r anpassad for ett flertal industriell 3 3 10
tillampningar. !
Modulen ar anpassad for effektiv vatten hantering. !! 4 1 4
Modulen 6kar produktionen av alger. !!! 5 2 4
Anléggningen minimerar kontamination. !! 6 1 4
Anlaggningen &r anpassad for ett dvervakning och 7 2 6
regleringssystem. !!
Modulen ar anpassad fér modular uppskalning. !!! 8 2 3
Modulen framijar produktion av biofilm. !!! 9 3 4
Modulen ar utformade fér maximal yteffektivitet. !!! 10 2 6
Anlaggningen &r latt att skota. !! 11 2 5
Anlaggningen kontrollerar gasutbytet. !! 12 2 3
Modulen ar anpassad for en jamn tillférsel av vatten. !! 13 1 1
Anlaggningen framjar optimala ljus och temperatur forhallanden. !! 14 1 1
Modulen/Anlaggningen &r energieffektiv. !! 15 1 1
Modulen frdmijar en jamn ljusspridning. !! 16 2 2
Anlaggningen minimerar avdunstning. !! 17 2 3
Modulen framjar upptag av amnen. !! 18 1 1
Modulen ar anpassad for att halla algerna i exponentiell tillvaxt. !! 19 1 5
Modulen haller en optimal temperatur. !! 20 1 2
Modulen framjar reglering av parametrar. !! 21 1 2
Modulen framijar en jamn tillférsel av naringsdmnen. !! 22 1 1
Modulen ar anpassad féor maximal anvéndning av naturligt solljus. !! 23 1 1
Modulen ar anpassad for alg namnet.!! 24 1 7
Anlaggningen &r anpassad for tillférsel av diverse &mnen vid behov. ! 25 1 3
Anlaggningen ar kostnadseffektivit. !!! 26 1 2

27 1 2
Modulen ar skalad till volymen av vatten tillférseln. ! 28 1 2
Skoérdningen stor inte den expontentiella tillvaxt fasen. !!! 29 1 1
Modulen framjar upptag av fosfor. !! 30 1 1
Anlaggningen ar anpassad for ett effektivt vatten fléde. !! 31 1 1
Anléggningen ér talig for héga halter saltvatten. !! 33 1 1
Anlaggningen haller en viss temperatur pa vattnet. !! 34 1 1
Anlaggningen férser algerna med ratt méangd ljus. !! 36 1 1
Monteringen ska kunnas goéras av en tredje part. ! 37 1 1
Modulen framjar évervakningssystem och tester. !! 38 0 2
Modulen framijar reglering och tester. !! 39 1

Sum: 108
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Need Frequency Weight
A. ANLI"AGGNINGEN FRAMJAR TILLVAXT AV ALGER OCH UPPTAG AV 37 5
AMNEN. !!!
1| Modulen &r anpassad for att halla algerna i exponentiell tillvaxt. !1! 5 5
2 | Modulen 6kar produktionen av alger. !!! 4 5
3 | Modulen framjar produktion av biofilm. 1!l 4 5
4 | Skérdningen stér inte den expontentiella tillvéxt fasen. !!! 1 5
5 Anlaggningen minimerar kontamination. !! 4 3
6  Anlaggningen kontrollerar gasutbytet. !! 3 3
7 | Anlaggningen &r talig for hoga halter saltvatten. !! 1 3
8 | Modulen framjar en jamn tillférsel av naringsémnen. !! 1 2
10 | Modulen frémjar upptag av &mnen. !! 2 4
11 | Anlaggningen &r anpassad for tillférsel av diverse &mnen vid behov. ! 3 3
12 | Modulen ar anpassad for algen!! 7 1
B. MODULEN HAR EN YTEFFEKTIV MODULAR DESIGN. !!! 19 5
1 | Modulen &r utformade fér maximal yteffektivitet. !!! 6 5
2 | Modulen &r anpassad fér modulér uppskalning. !!! 3 5
3 | Modulen/Anlaggning ar anpassad for ett flertal industriell tillampningar. ! 10 3
C. ANLAGGNINGEN AR ANPASSAD FOR ETT OVERVAKNING OCH 15 4
REGLERINGSSYSTEM. !!
1| Anlaggningen &r anpassad for ett dvervakning och regleringssystem. !! 6 4
2 | Modulen &r anpassad for reglering av @mnen och tester. !! 9 4
D. MODULEN FRAMJAR OPTIMALA LJUS FORHALLANDEN. !! 14 4
1| Modulen framjar optimala ljus férhallanden. !! 10 4
2 | Modulen framjar en jamn ljusspridning. !! 2 3
3 | Modulen &r anpassad fér maximal anvéndning av naturligt solljus. !! 1 3
4 Anlaggningen framjar optimala ljus och temperatur forhallanden. ! 1 3
E. MODULEN AR ANPASSAD FOR ETT EFFEKTIVT FLODE. !! 1 3
1 | Modulen &r anpassad for effektiv vatten hantering. !! 4 4
2 | Anlaggningen minimerar avdunstning. !! 3 3
3 | Anléggningen &r anpassad for ett effektivt vatten flode. !! 1 3
4 | Modulen &r anpassad for en jamn tillférsel av vatten. !! 1 3
5 | Modulen &r skalad till volymen av vatten tillférseln. ! 2 2
F. HANTERINGEN AV ANLAGGNINGEN AR LATT ATT SKOTA. !! 5 5
1 | Anlaggningen ar l&tt att skota. !! 5 5
G. UPPBYGGNAD AV EN ANLAGGNING AR ENKEL OCH 4 3
KOSTNADSEFFEKTIVT. !!!
1| Anlaggningen &r kostnadseffektivit. !!! 2 4
2 | Modulen/Anlaggningen ar energieffektiv. !! 1 3
3 | Monteringen ska kunnas géras av en tredje part. ! 1 2
H. ANLAGGNINGEN HALLER EN OPTIMAL TEMPERATUR. !! 3 4
1| Modulen haller en optimal temperatur. !! 2 4
2 | Anlaggningen haller en viss temperatur pa vattnet. !! 1 4

Figure A.2: Categorised Customer Needs Statements. "
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Figure A.3: Function-Means Tree.
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Figure A.4: Morphological Matrix.



A. Appendix

Figure A.5: Morphological Concept Combination Matrix.
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Final Product Specification

No Part Metric Unit  Value
Technical
1 Length 1,78
2 Width 1,3
3 Total mass kg 20,436
4 Material PMMA
5 Tray Yield strength MPa 29
6 Maximum water volume m3 0,174
7 Maximum Algae growth area m2 2,834
8 Maximum material displacement due to load bearing mm 0,042
9 Maximum material stress due to load bearing MPa 0,168
10 Module height m 2,85
1 Console length m 1,350
12 Console weight kg 11,07
13 Support beam weight kg 44,7
14 Foot weight kg 9,6
15 Material - Console Fe 0,1%C with zinc coating
16 Material - Support Beam Fe 0,1%C with zinc coating
17 Material - Foot Fe 0,1%C with zinc coating
18 Construction Material - Support Rod Fe 0,1%C with zinc coating
19 Material - Nuts and Bolts Stainless Steel
20 Console yield strength (Steel) MPa 300
21 Area module m2 4,806
22 Maximum material displacement due to load bearing- Console mm 0,33
23 Maximum material stress due to load bearing - Console MPA 3,427
24 Support beam yield strength (Steel) MPa 300
25 Total mass - structure 10 levels kg 330
26 Total mass per m?2 kg 68,664
27 Material - Tube PVC
28 Water in flow rate L/h 320
29 Process Water flow rate - tray Lh 32
30 Water in tube length >5
31 Water out tube length >5
32 Water between trays tube length 0,6
33 Estimated cost of module SEK _
34 Total mass platform - empty (no harvesting system) kg 534,36
35 Whole Total mass per m? - empty kg/m2 111,186
36 Total mass platform - with water and algae (no harvesting system) kg 2269,86
37 Total mass per m2 - with water and algae kg/m2 472,3
Operational
38 Tray Material resistance to Hydrogen Peroxide Excellent
39 Structure Material resistance to Hydrogen Peroxide Accepatable
40 Product life Year 10
4 Whole Ease of use subj. 5
42 Instills pride subj. 4
43 Room temperature estimation C 13
Harvesting Proposal
44 Maximum weight displacement kg
45 Harvest system Motor output kW 250
46 Transversal force N
47 Harvest time s 300

Fi%ure A.7: Final Product Specification.
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Failure Mode & Effect Analysis - Generation 1 & 2

System Algae Cultivation and Harvesting System Company Swedish Algae Factory
Prepared by Karin Dankis Date 03/03/2016
Approved by Justin Pearce Date 18/03/2016
i Current status i Revised Status
Item Part No Fl:,mmon or Failure mode Effect of failure Cause of failure Recc::lil_\men;?d Action by I:::('o"
rocess OCC SEV DET RPN correctiveaction N ocC SEV DET RPN
1 Crack Leakage Manufacturing fault 4 5 3 60 | Test trays by filling Manufacturer No 3 5 3 45
with water before
Cultivation of use
2 A1 algae Deformation Uneven growth Material fault 6 3 3 54 Prototype test SAF No 4 3 3 36
3 Scratch Collection of algae Handeling fault 6 2 4 48 Prototype test SAF No 4 2 4 32
4 Crack Leakage Handeling fault 4 5 2 40 Prototype test SAF No 3 5 2 30
5 . Crack Leakage Handeling fault 3 2 1 6 Prototype test SAF No 2 2 1 4
A2 Collection of
6 harvest Scratch Collection of algae Handeling fault 4 2 1 8 Prototype test SAF No 2 2 1 4
7 Deformation Unstable coupling Material fault 4 4 1 16 Prototype test SAF No 2 4 1 8
8 Downward Uneven growth Design not robust 6 6 3 108  Stress test/Further Manufacturer No 2 6 3 36
Deformation enough simulation and
dimensioning
9 Downward Crack in coupling to | Design not robust 6 7 3 126  Stress test/Further Manufacturer No 2 7 3 42
B1 Support/carry Deformation H-track enough simulation and
trays dimensioning
10 Loose coupling Uneven growth Manufacturing fault = 7 7 3 | 147 Design Change Master Thesis Yes 3 7 3 63
Student
1 Uneven contact Unstable trays/ Material fault 6 5 2 60 | Silicon covering to Master Thesis Yes 2 5 2 20
surface damage trays stabilise Student
12 Crack Coupling gap Design not robust 5 7 3 105  Stress test/Further Manufacturer No 3 7 3 63
enough simulation and
dimensioning
13 Deformation/Bend Uneven growth Design not robust 2 7 3 42  Stress test/Further Manufacturer No 1 7 3 21
/e in track enough simulation and
B2 Su&%owlc;:rry dimensioning
14 Deformation Collapse of module | Design not robust 2 8 2 32 | Stress test/Further Manufacturer No 1 8 2 16
enough simulation and
dimensioning
15 Gap in coupling Unstability Manufacturing fault 7 7 3 147 Design Change Master Thesis Yes 3 7 3 63
Student
16 Gap in coupling Unstability Manufacturing fault 4 5 3 60 Prototype test SAF No 3 5 3 45
17 Support/carry Deformation Uneven growth Design not robust 2 5 3 30 Prototype test SAF No 1 5 3 15
B3 track enough
18 Deformation Collapse of module | Design not robust 2 8 3 48 Prototype test SAF No 1 8 3 24
enough
19 Deformation Uneven growth Design not robust 4 5 3 60 Prototype test SAF No 2 5 3 30
85 Stabilise enough
20 Structure Unstable Uneven growth Manufacturing fault | 5 5 4 100 Prototype test SAF No 3 5 4 60
21 Crack Unstability Material fault 5 7 3 105 Prototype test SAF No 2 7 3 42
22 Remove Crack Uneven harvest Material fault 6 7 4 168 Prototype test SAF No 2 7 4 56
23 c1 bion':ra:yssfrom Deformation Uneven harvest Material fault 5 7 4 140 Prototype test SAF No 2 7 4 56
24 Crack Uneven harvest Handeling fault 3 5 3 45 Prototype test SAF No 2 5 3 30
25 c2 Hold Scraper Crack Uneven harvest Material fault 3 5 2 30 Prototype test SAF No 2 5 2 20
26 Deformation Uneven harvest Material fault 2 5 2 20 Prototype test SAF No 1 5 2 10
27 Connect Crack Unstable coupling Material fault 3 5 2 30 Prototype test SAF No 2 5 2 20
C3
28 Scraper to arm Crack Unstable coupling Design not robust 3 4 3 36 Prototype test SAF No 2 4 3 24
enough
29 Stiff joint Reduced Debris accumultion 6 3 3 54 Prototype test SAF No 4 3 3 36
functionalilty
30 Stiff joint Reduced Manufacturing fault 4 3 3 36 Prototype test SAF No 2 3 3 18
functionalilty
c4 Lower Rotation
31 of Scraper Stiff joint Reduced Handeling fault 3 3 1 9 Prototype test SAF No 2 3 1 6
functionalilty
32 Crack Unstability Material fault 5 5 2 50 Prototype test SAF No 4 5 2 40
33 Crack Unstability Design not robust 4 6 2 48 Prototype test SAF No 3 6 2 36
enough
34 Stiff joint Reduced Debris accumultion 6 4 3 72 Prototype test - SAF No 3 4 3 36
functionalilty Handeling method
35 Stiff joint Reduced Manufacturing fault 3 3 3 27 Prototype test SAF No 1 3 3 9
functionalilty
cs Upper Rotation
36 of Scraper Stiff joint Reduced Handeling fault 2 3 2 12 Prototype test SAF No 1 3 2 6
functionalilty
37 Crack Unstability Material fault 4 6 3 72 Prototype test SAF No 2 6 3 36
38 Crack Unstability Design not robust 5 7 3 105 Prototype test SAF No 2 7 3 42
enough
39 Crack Unstability Design not robust 4 7 2 56 Prototype test SAF No 2 7 2 28
enough
40 cs Guide Scraper Crack Unstability Material fault 3 7 2 42 Prototype test SAF No 1 7 2 14
a1 Gap in coupling Unstable coupling | Manufacturing fault 4 4 3 48 Prototype test SAF No 1 4 3 12
42 Gap in coupling Unstable coupling Design not robust 3 4 3 36 Prototype test SAF No 1 4 3 12
enough
43 Tear Collapse of system | Design not robust 5 8 3 120 Prototype test SAF No 2 8 3 48
enough
44 Tear Collapse of system Material fault 4 8 3 96 Prototype test SAF No 1 8 3 24

Figure A.8: FMEA Part 1.
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System Algae Cultivation and Harvesting System Company Swedish Algae Factory
Prepared by Karin Dankis Date 03/03/2016
Approved by Justin Pearce Date 18/03/2016
Current status Revised Status
Item Part No Function or Failure mode Effect of failure Cause of failure Recon!mend_eﬂ Action by Action
Process OCC SEV DET RPN corrective action taken  occ SEV DET RPN
45 c10 Drive scraper Tear Collapse of system Inaccurate 6 8 4 192 Prototype test SAF No 2 8 4 64
arm dimensioning
46 Crack Reduced Erosion of material 6 8 3 144 Prototype test SAF No 3 8 3 72
functionalilty
47 Stuck Reduced Debris accumultion 7 4 3 84 Prototype test - SAF No 3 4 3 36
functionaliity Handeling method
48 Stuck Reduced Debris accumultion 7 3 3 63 Prototype test - SAF No 4 3 3 36
functionalilty Handeling method
49 cil Drive gol';"’eym Stuck Reduced Inaccurate 5 | 4| 3 |60 Prototype test SAF No 2 4 | 3 | 24
e functionalilty dimensioning
50 Crack Reduced Design not robust 3 5 5 75 Prototype test SAF No 2 5 5 50
functionalilty enough
51 Stuck Reduced Debris accumultion 6 3 4 72 Prototype test - SAF No 4 3 4 48
functionalilty Handeling method
52 ci2 S‘ab“‘sg " Stuck Reduced Inaccurate 6 6 | 3 108 Prototype test SAF No 2 6 | 3 |3
conveyor bel functionalilty dimensioning
53 Crack Reduced Design not robust 3 5 5 75 Prototype test SAF No 1 5 5 25
functionalilty enough
54 Crack Unstable coupling | Designnotrobust | 5 | 6 | 4 | 120 Prototype test SAF No 2 6 | 4 | 48
enough
55 C131,132 Cornect Crack Unstabl ling | Manufacturing fault | 4 6 4 | 9% Prot test SAF N 2 6 | 4 | 48
2% Hanvest system acl stable coupling lanufacturing fau ototype tes o
56 to structure Deformation Uneven harvest Design not robust | 3 5 3 | 45 Prototype test SAF No 1 5 3 | 15
enough
57 Deformation Uneven harvest Material fault 2 5 3 30 Prototype test SAF No 1 5 3 15
58 Clog Rupture Debris accumultion | 8 | 7 | 4 | 224 Prototype test SAF No 5 7 | 4 | 140
59 D123 | Water Process Crack Leakage Handelingfaut | 6 | 5 | 3 | 90  Prototype test SAF No 3 5 3 45
60 Crack Leakage Material fault 4 5 3 60 Prototype test SAF No 2 5 3 30
61 Clog Reduced Debris accumultion 8 7 3 168 Prototype test SAF No 4 7 3 84
functionalilty
62 Connect tube to Clog Reduced Design not robust 5 6 4 120 Prototype test SAF No 2 6 4 48
D4 tray functionaliity enough
63 Crack Leakage Inaccurate 4 5 3 60 Prototype test SAF No 2 5 3 30
dimensioning
64 Crack Leakage Material fault 3 5 3 45 Prototype test SAF No 1 5 3 15
0 0 [ 0

Figure A.9: FMEA Part 2.
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